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ABSTRACT 
At present, the East Asian Monsoon (EAM) influences water availability for 
nearly one third of the global population. The intensity and position of the EAM has 
varied considerably since its onset, but disagreement still exists related to the precise 
latitudinal and intensity shifts of the Westerly Jet and associated storm fronts, which 
mark the northern extent of the monsoon. Paleoclimate research can assist in improved 
assessment and prediction of EAM intensity, radiative forcing, and biogeochemical 
cycles in the Japan Sea and North Pacific, especially under the currently changing 
climate.  
My research primarily focuses on using major-, trace- and rare earth elements in 
sediments from International Ocean Drilling Program Expedition 346 in the Japan 
(Ulleung Basin) and East China Seas (Okinawa Trough) to track variability in the EAM 
on millennial time scales. Using geochemical and multivariate statistical techniques (Q-
Mode Factor analysis and Constrained Least Squares multiple linear regressions), I 
differentiated compositionally similar terrigenous aluminosilicate materials (continental 
crust components, eolian dusts, volcanic ash) from these sediment archives. I successfully 
  ix 
constructed a robust record of aluminosilicate provenance, which enables more precise 
determinations of EAM position and intensity than previously possible. 
Most of my research focused on the interpretation of aluminosilicate records over 
several different timescales from three sites from Expedition 346. In tandem with this 
research, I also refined values of the well-known, and widely used, Standard Reference 
Material (SRM) Hawaiian Volcano Observatory Basalt (BHVO-2). In the Okinawa 
trough (Sites U1428/U1429), I identified and tracked the increase in flux of five 
continental crust materials, loesses, and volcanic ashes during glacial cycles, continental 
shelf exposure, and the migration of paleo-rivers in the last 400 kyr. Additionally, I 
constructed a 12 Myr record, which identified and quantified the dust fluxes to Ulleung 
Basin (Site U1430), and emphasized the importance of the Taklimakan and Gobi Deserts 
as main sources of dust to the Japan Sea and Pacific through the Cenozoic. Collectively, 
these aluminosilicate flux reconstructions are first to identify multiple specific Asian 
source regions through the Cenozoic, and highlight the complexity of accurately 
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CHAPTER 1: Introduction and Overview  
 
Cenozoic landscape evolution has greatly influenced regional climate processes 
over the Asian continent. Aridification of  the continental interior possibly began as early 
as the late Oligocene (e.g., Guo et al., 2002), and the onset of the East Asian Monsoon 
(EAM) perhaps initiated in the Early Miocene (An, 2001; Tada, 2004; Yuan et al., 2013; 
Tada et al., 2015). The present expression of the EAM is an alternating dry (winter) and 
wet (summer) climate pattern driven by global atmospheric and oceanic conditions. 
Annual changes between the location of high and low pressure centers (e.g., over land or 
over sea) influence the position of the Westerly Jet and its associated storm fronts, as well 
as the seaward migration of continental air masses (winter), or landward migration of 
moisture-laden marine air masses (summer). At present, the paleo records indicate that 
the intensity and position of the EAM has intensified and weakened, and shifted 
latitudinally since its onset, but the existing data may not differentiate precise latitudinal 
and intensity shifts of the Westerly Jet and associated storm fronts (Nagashima et al., 
2007a). It is necessary to understand the timing and processes that drive shifts in the 
EAM because variation in dust emission and transport under changing climate conditions 
may have implications on radiative forcing in the future and also has important influences 
on biogeochemical cycles in the Japan Sea and North Pacific. Additionally, in this most 
densely populated region on the globe, studies of past climate help the research 
community better predict the development of drought or flooding events into the future, 
especially under our changing climate. 
  
2 
While the past regional climate of Asia has been variable through the Cenozoic, 
the paleo terrestrial conditions are recorded as the formation of loess, paleosol and desert 
deposits throughout central Asia (An, 2000; Wang et al., 2005; Nagashima et al., 2007b; 
Muhs, 2013), but often are discontinuous as erosional processes may remove sections of 
depositional history. Because the monsoon climate system mobilizes these continental 
sediments using mechanisms operating on the wind (eolian) and underwater (fluvial), 
creating a wealth of past climate information stored in marine sediment archives. 
Questions remain about the geochemistry and evolution of loess and paleosol sequences, 
and therefore additional important and unresolved issues regarding the precise 
provenance of eolian and fluvial derived sediment in terrestrial and marine sedimentary 
systems persist. 
In marine sediment, periods of increased dust flux have been identified on several 
time scales. Around Earth, the waxing and waning of dust fluxes varies as a function of 
time frame and of region.  In the area of study discussed in this dissertation, increased 
dust fluxes in the Miocene and Pliocene have previously been linked to periods of 
accelerated Himalaya uplift (An, 2000, 2001) or to global cooling combined with 
increases in land ice volume in the Northern Hemisphere (e.g., Rea et al., 1998; Zachos et 
al., 2001; Guo et al., 2002; Wang et al., 2005). During glacial periods in the last 400 kyr, 
dust records also exhibit increased dust fluxes compared to interglacial periods and 
present conditions. Correlations between monsoonal fluctuations and orbital 
Milankovitch periodicities have been identified, including alternate strengthening of the 
  
3 
winter monsoon during glacial periods and strengthening of the summer monsoon during 
interglacial periods (Wang et al., 1999; Liu et al., 2007). 
Bulk sediment archives provide a terrific wealth of information about past climate 
when interpreted through the lens of sediment source (provenance) and their variation 
through time and space. My approach to investigate the paleomonsoon is primarily 
geochemical: as the main focus during the course of my Ph.D., I have analyzed major-, 
trace- and rare earth elements in bulk sediment at seven sites in the East China Sea, Japan 
Sea, and North Atlantic Ocean. Additionally, I measured trace metals (iron and 
manganese) in equatorial Pacific interstitial porewaters; and the chemistry of bulk rock 
samples for spectroscopic comparisons for planetary exploration in additional 
collaborative projects.  
With the geochemical data I generated, I have been able to constrain the 
variations in aluminosilicate (dust) sources and flux of components related to changes in 
the EAM over several time scales. I have been able to fingerprint volcanic ash, discrete 
loesses, and continental material in the aluminosilicate fraction of bulk sediment using 
geochemical techniques and a broad swath of specific- to regional-geochemical 
compositions in multi-step multivariate statistical methods. The combination of my 
discrete geochemical analysis of bulk sediment and statistical approaches provides a 
robust record of aluminosilicate provenance that has enabled my colleagues and I to 
make novel and more precise determinations of EAM behavior than has been possible 
previously.   
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In this dissertation, I present results from my research at three sites in the Japan 
Sea and East China Sea (IODP Sites U1428 and U1429, and Site U1430; Figure 1.1) used 
to untangle the distinct geochemistry of aluminosilicate components in the marine 
sediment of these sites and track variation in aluminosilicate component fluxes and 
source regions through time. Additionally, I present statistical analysis of our laboratory 
wide repeated measurements of the Standard Reference Material (SRM) of Hawaiian 
Volcano Observatory Basalt (BHVO-2) in reference to the accepted elemental 
concentrations of this material.  
This dissertation is structured with four chapters, including this introductory chapter. 
Each subsequent chapter has been either been published (Chapter 2), is in the review 
process as an invited manuscript in a peer reviewed journal (Chapter 3), or is being 
finalized for immediate submission in Spring, 2019 to a separate peer-reviewed journal 
(Chapter 4). Each chapter presents the unaltered texts of the published or submitted 
manuscripts, including figures, tables, references, and any online supplementary 
materials. Figure and table numbers have been edited for cohesiveness internally within 
this dissertation. For manuscripts still in the review process, the interpretations and 
discussions in the final publications will supersede interpretations and discussions 
presented within this dissertation. 
The first manuscript, (Chapter 2), “Climatically driven changes in the supply of 
terrigenous sediment to the East China Sea” was co-authored with, in order, my advisor 
R. W. Murray, as well as A. G. Dunlea, L. Giosan (both currently at Woods Hole 
Oceanographic Institution,), C. W. Kinsley and D. McGee (both at Massachusetts 
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Institute of Technology), and R. Tada (University of Tokyo). This manuscript was 
published in Geochemistry, Geophysics, Geosystems (abbreviated as G3; doi: 
10.1029/2017GC007339) in 2018. This article geochemically and statistically 
characterizes the bulk marine sediment of two International Ocean Drilling Program 
(IODP) sites, U1428 and U1429, located in the Okinawa Trough in the East China Sea, to 
reconstruct a paleoceanographic record of the last ~400kyr. Geochemical characterization 
of these sites was conducted as a chemical “back-bone” for future study as a part of 
continued research goals of IODP Expedition 346. Using multivariate statistical 
partitioning techniques (Q-mode factor analysis, multiple linear regression) I identified 
and quantified five crustal source components (Upper Continental Crust (UCC), 
Luochuan Loess, Xiashu Loess, Southern Japanese Islands, Kyushu Volcanics), and 
modeled their mass accumulation rates (MARs). Increases in total terrigenous MAR 
precede minimum relative sea levels by several thousand years and may indicate 
remobilization of continental shelf material to these sites in the Okinawa Trough, while 
specific end-member MARs may be tied to advancing mouths of major rivers in Asia. 
Changes in the relative contribution of these end members are decoupled from total 
MAR, indicating compositional changes in the sediment are distinct from accumulation 
rate changes, but may be linked to variations in sea level, riverine and eolian fluxes, and 
shelf-bypass processes over glacial-interglacials, complicating accurate monsoon 
reconstructions from fluvial dominated sediment. This chapter serves as a cautionary tale 
for future research in environments with similar physically dynamic histories. 
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The second manuscript (Chapter 3), titled “Eolian Delivery to Ulleung Basin, 
Korea (Japan Sea) during development of the East Asian Monsoon through the last 12 
Ma” was also co-authored with, in order, R.W. Murray, A.G. Dunlea, L. Giosan, C. W. 
Kinsley, D. McGee, and R. Tada.  This paper was an invited submission to the special 
issue “Asian dust from land to sea: process, history and effect” in Geological Magazine 
(Guest Editors: Shiming Wan, Youbin Sun and Kana Nagashima), was submitted 
November 30, 2018, resubmitted after minor revisions on January 12, 2019, and accepted 
for publication on January 18, 2019. This chapter tracks the changes in provenance of 
aluminosilicate sediment deposited in the Ulleung Basin, Japan Sea, over the last 12 Ma 
at Site U1430 drilled during IODP Expedition 346. I identified and quantified four 
aluminosilicate components (from the Taklimakan Desert, Gobi Desert, a generic 
“Chinese Loess”, and from the Korean Peninsula), and modeled their mass accumulation 
rates. Variation in dust source regions appears to track step-wise Asian aridification 
influenced by Cenozoic global cooling and periods of uplift of the Tibetan Plateau. 
During early stages of the evolution of the East Asian Monsoon, the Taklimakan Desert 
was the major source of dust to the Pacific, while continued uplift of the Tibetan Plateau 
may have influenced the increase in eolian supply from the Gobi Desert and Chinese 
Loess Plateau into the Pleistocene. Consistent with existing records from more distal 
locations in the Pacific Ocean, these observations of eolian fluxes provide more detail 




Finally, the third manuscript (Chapter 4) “Refined values of element 
concentrations and uncertainty for standard reference material BHVO-2” presents our 
collective lab measurements of major, trace and rare earth element data for BHVO-2, a 
common standard reference material. In this manuscript, many high precision 
measurements following two different methods, Inductively Coupled Plasma Emission 
Spectrometry and Inductively Coupled Plasma Mass Spectrometry are compared to the 
United States Geological Survey (USGS) BHVO-2 certificate values, and GeoReM 
reference values. Within our methods, several elemental measurements are analyzed via 
both analytical methods, providing a way to systematically compare our internal methods 
to each other. Collectively, integrating these three independent data sets, each with its 
own strengths and weaknesses, yields a robust determination of the composition of 
BHVO-2. All sets of data are reported, along with proposed new reference and 
uncertainty values, to enable the community an unparalleled characterization of this 
important SRM for calibration or determination of analytical precision and/or accuracy of 
procedures that prepare and analyze this SRM. 
In addition to my main research projects, I collaborated with several different 
groups resulting in separate co-authored publications. For each of these publications, I 
contributed significantly in terms of data and as well as intellectually. Data that I 
produced from IODP Sites U1428, U1429, and U1430 were used to test the fidelity of an 
accessible MATLAB algorithm to quantify natural gamma radiation (NGR) spectra to 
estimate the contents of potassium (K), thorium (Th), and uranium (U) in marine 
sediment from the gamma-ray energies of their isotopes (De Vleeschouwer et al., 2017, 
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on which I am a co-author). I also measured iron (Fe) and manganese (Mn) in interstitial 
porewaters from two sites in the equatorial Pacific Ocean for the characterization of 
energetics of hydrogen utilization (Adhikari et al, 2016, on which I am a co-author), and 
conducted geochemical “ground-truthing” for a large collaborative project led by Dr. M. 
Darby Dyar (Mount Holyoke College, University of Massachusetts, Amherst) to calibrate 
Laser-Induced Breakdown Spectroscopy (LIBS), a form of spectroscopic analysis with 
future applications in planetary exploration of Mars and other bodies in our solar system 
(Lepore et al., 2014, on which I am a co-author). These external collaborations with my 
collaborators on very diverse projects has greatly contributed to my success as a graduate 
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Figure 1.1 Bathymetric map of sites from IODP Expedition 346 (red circles), previous 
DSDP/ODP drill sites (white circles) and present surface currents (red arrows). From 
Tada et al. (2013). This dissertation focuses on paleoclimate and paleoceanographic 





CHAPTER 2: Climatically Driven Changes in the Supply of Terrigenous Sediment 
to the East China Sea  
Abstract 
 We examine the paleoceanographic record over the last ~400 kyr derived from 
major, trace, and rare earth elements in bulk sediment from two sites in the East China 
Sea drilled during Integrated Ocean Drilling Program Expedition 346. We use 
multivariate statistical partitioning techniques (Q-mode Factor Analysis, multiple linear 
regression) to identify and quantify five crustal source components (Upper Continental 
Crust (UCC), Luochuan Loess, Xiashu Loess, Southern Japanese Islands, Kyushu 
Volcanics), and model their mass accumulation rates (MARs). UCC (35- 79% of 
terrigenous contribution) and Luochuan Loess (16 -55% contribution) are the most 
abundant end-members through time, while Xiashu Loess, Southern Japanese Islands, 
and Kyushu Volcanics (1-22% contribution) are the lowest in abundance when present. 
Cycles in UCC and Luochuan Loess MARs may indicate continental and loess-like 
material transported by major rivers into the Okinawa Trough. Increases in sea level and 
grain size proxy (e.g., SiO2/Al2O3) are coincident with increased flux of Southern 
Japanese Islands, indicating localized sediment supply from Japan.  Increases in total 
terrigenous MAR precede minimum relative sea levels by several thousand years and 
may indicate remobilization of continental shelf material. Changes in the relative 
contribution of these end members are decoupled from total MAR, indicating 
compositional changes in the sediment are distinct from accumulation rate changes but 
may be linked to variations in sea level, riverine and eolian fluxes, and shelf-bypass 
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processes over glacial-interglacials, complicating accurate monsoon reconstructions from 
fluvial dominated sediment. 
 
1. Introduction 
The East Asian Monsoon is the dominant climate mode in eastern Asia (Tada, 2004; 
Wang et al., 2005). At present, the Asian monsoon system influences the development of 
drought or flooding in some of the most densely populated regions on the globe (Webster 
et al., 1998). In order to learn about potential climate states of the future, understanding the 
temporal and spatial variation of past monsoon systems is critical (Tada, 2004; Nagashima 
et al., 2013). In this context, tracing changes in the terrigenous sediment supply can serve 
as a useful proxy for monsoonal precipitation and atmospheric regimes during glacial-
interglacial periods and during higher frequency climate variability in East Asia (Clift et 
al., 2014; Wan et al., 2007). 
Hemipelagic sediment of Asian marginal seas records terrigenous material supplied 
by eolian transport from central Asian deserts and by the major east flowing rivers of the 
continent (Irino & Tada, 2000; Wang et al., 2005; Zheng et al., 2013).  For example, studies 
have targeted the sediment export of the Yangtze (Changjiang) River, Yellow (Huanghe) 
River, and their tributaries during glacial cycles (Dou et al., 2010; Liu et al., 2014; Xu et 
al., 2012). Weakening of the summer monsoon is likely to have resulted in decreased 
fluvial transported sediment due to decreased precipitation in southern China (Kubota et 
al., 2010; Lu and Guo, 2013), but also the potential for increased eolian transport (Hovan 
et al., 1989). Differences in the geochemical and isotopic composition of fluvial sediment 
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deposited along the continental margins assist in the determination of influence from 
distinct fluvial drainage basins different climate conditions through time (Lim et al., 2006; 
Pisias et al., 2013). 
In this study, we aim to reconstruct the temporal variations in provenance and flux 
of the terrigenous component of East China Sea sediments found at Sites U1428 
(31°40.64’N, 129°02.00’E) and U1429 (31°37.04’N, 128°59.85’E) recovered during 
Integrated Ocean Drilling Program (IODP) Expedition 346.  These sediments 
predominantly reflect fluvial transport from rivers on the Asian continent over the last 
~450 kyr (Tada et al., 2013), but also likely include eolian and volcanic aluminosilicate 
sediment as well. To determine changes in terrigenous provenances through time, we use 
multivariate statistical techniques applied to an extensive chemical compositional data set 
generated from bulk sediment chemical analyses. We statistically model East China Sea 
bulk sediment compositions to identify end-member components, and subsequently 
discuss the linkages between terrigenous deposition and variability in the East Asian 
Monsoon system. 
 
2. Site Setting, Sample Selection, and Stratigraphy 
During IODP Expedition 346, nine sites were drilled in Asian marginal seas and 
we focus on Sites U1428 (724 meters below sea level, [mbsl]) and U1429 (732 mbsl) (Fig. 
1). These sites are located in the Danjo Basin, at the northern extent of the Okinawa Trough, 
in the northern East China Sea. At present, these sites lie beneath the Tsushima Warm 
Current and are influenced by the summer expansion of East China Sea Coastal Water from 
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increased Yangtze River discharge (Gallagher et al., 2015). At both of these sites, the 
sedimentation rates are very high, averaging 43 cm/kyr and 51 cm/kyr at U1428 and 
U1429, respectively. Although Sites U1428 and U1429 are currently ~700 km from the 
Yangtze River, these sites were likely located ~400 km northeast of the advancing Yangtze 
River mouth, and as close as ~150 km from the Yellow River mouth during glacial sea 
level lowstands (Uehara et al., 2002). Thus, these sites are ideal to reconstruct East Asian 
Monsoon precipitation and river transport of fine-grained continental detrital material 
(Kubota et al., 2010).  
The sediment at these two sites is divided into two lithologic units defined by 
calcareous nannofossil ooze, calcareous-rich clays interbedded with tephra layers (Unit A) 
and a second unit of rounded, fine-grained sands (Unit B) (Fig. 2). Numerous tephra layers, 
ranging from decimeters to half meters, occur throughout (Tada et al., 2013).  It is also 
possible that very fine-grained turbidites in this record were not visible in core description, 
as will be apparent in later geochemical discussions. The sands of Unit B prevented 
recovery of materials deeper than 200 meters below seafloor (mbsf) at Site U1428, as these 
sand beds extended through the bottom 37m of the total core recovery. Site U1429 (188m 
of recovered core) was drilled in an attempt to recover Miocene-aged sediment, but the 
sands of Unit B were also present at this location. There is minimal opal at these sites, as 
the biogenic component primarily consists of CaCO3 (Fig. 2) with concentrations ranging 
between 15 and 40 weight % (wt. %) (Expedition 346 Scientists, 2014). While a portion of 
the total CaCO3 may be detrital and missed by sedimentologists during core description, 
the lithostratigraphic descriptions, including smear slides analysis, indicates local biogenic 
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sources from the overlying ocean. The redox state of the sediment is modestly reducing 
(Calvert and Pedersen, 1993; Morford and Emerson, 1999) and does not compromise the 
ability of the sedimentary chemistry to facilitate provenance determination (Supplementary 
Information). Additional important information about the sedimentology and stratigraphy, 
including age models, of these sites is provided in Supplementary Information.   
 
3. Geochemical Analytical and Multivariate Statistical Methods 
3.1 Samples and Geochemical Analytical Methods 
  A total of 82 bulk sediment samples from Unit A at Sites U1428 and U1429 were 
used for this work. Fifty-two of these samples were collected at the time of coring and are 
evenly spaced, bulk sediment samples consisting of 5 cm-long whole-round samples that 
were squeezed for shipboard porewater analysis and discrete 2 cm plug samples collected 
for shipboard analysis of carbonate abundance. An additional 30 discrete samples were 
collected during shore-based sampling to fill in temporal gaps in the first sampling prior to 
the development of the age model.  Details regarding the geochemical sample preparation, 
including a discussion of how analytical precision and accuracy were quantified (Ireland 
et al., 2014), is found in Supplemental Information. 
3.2 Multivariate Statistical Methods 
The geochemical data set was analyzed using multivariate statistical MATLABTM 
algorithms from Pisias et al. (2013) and Dunlea and Murray (2015). We take a multistep 
statistical approach optimized for sediment geochemistry that uses Q-mode Factor 
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Analysis (QFA) and Constrained Least Squares multiple linear regression (CLS). The 
implementation and interpretation of these techniques are guided by element ratio 
downcore profiles and ternary plots to ensure the statistical results are consistent with the 
basic characteristics of the dataset. These techniques have been used in a variety of marine 
settings by our research group (Dunlea et al., 2015; Martinez et al., 2009; Scudder et al., 
2016; Ziegler et al., 2007 and references therein). 
 We use QFA to determine the minimum number of components necessary to 
explain a given fraction of total variance in a dataset by identifying groups of covarying 
elements into “factors” (Pisias et al., 2013). Factors are then VARIMAX rotated to 
maintain orthogonal relationships while maximizing the variance explained by each factor. 
The approach is based on the assumptions that unique sediment sources are represented by 
each VARIMAX-rotated factor, and that the elements included in each factor are basic 
indications of that factor’s representation of sediment source. The strength of element 
covariance is indicated by high absolute factor scores, and the importance of each factor to 
the variability in a given sample by the factor loading value.  This loading value indicates 
variation in the importance of a factor throughout the data set, which in our case means 
through a sediment column and thus through time.  
 Following  QFA, we build on the number and general characteristics of  the bulk 
sediment factors, and apply an iterative algorithm for CLS multiple linear regression 
models to identify and quantify the proportion of each end-member in each discrete sample 
(Dunlea and Murray, 2015; Pisias et al., 2013). The CLS code creates multi-dimensional 
mixing models that minimize the sum of the squared statistical residuals between the model 
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and the sample dataset, while optimizing the proportions of each end-member in each 
sample. The number of QFA identified factors correspond to the total number of end-
members to be modeled in CLS iterations. A collection of geologically reasonable source 
rock geochemical compositions from a range of literature and reference materials were 
compiled to serve as the potential end-member inputs that correspond to the QFA defined 
factors.  This collection was developed based on the QFA results as well as characterization 
from the literature of the paleoceanographic and geological systems under investigation.  
As detailed in Section 4.3, we used a preliminary geochemical set including different types 
of continental crust components, Chinese loess, paleosols, and mafic sources (e.g., basalts, 
tephras, tuffs) to constrain the “families” of potential end-member sources for CLS 
modeling.  
Multiple tests were conducted to check the statistical stability of the modeling and 
to ensure that the identification and composition of the factors are not overly sensitive to 
the statistical parameterizations, including minor changes in the chemical element menu. 
Factors were accepted that explained greater than 2% of variance in the dataset to avoid 
insignificant factors related to analytical precision (Additional discussion of QFA factor 
selection is in the Supplementary Information). Additional model iterations were 
conducted to determine if the greater number of samples from Site U1429 influenced the 
resulting factors when both sites were combined into a single data set. For this, twenty-four 
samples at approximately equal depth spacing were selected to ensure that factors 
identified during iterations with the reduced data set were in agreement with iterations 
utilizing the full dataset.  
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4. Geochemical Trends 
Downhole geochemical profiles indicate that sediment at Sites U1428 and U1429 
are a complex mixture of multiple aluminosilicates in a reducing environment. In this 
section we explore the downhole geochemical trends through a first-order assessment of 
the bulk sediment using a variety of traditional graphical partitioning techniques applied to 
geochemical compositions. This knowledge is then used to guide the QFA and CLS 
multivariate statistical techniques that focus on provenance, as discussed in Section 5.  
During these geochemical explorations, we use a collection of well-constrained 
crustal compositions as reference values. We use post-Archean Australian Shale (PAAS), 
Upper Continental Crust (UCC), Mid Ocean Ridge Basalt (MORB), and Chinese Loess 
(CL) as reference compositions, and only as reference compositions(Gale et al., 2013; 
Taylor and McLennan, 1985). Although geochemically discrete, we do not interpret the 
potential compositional similarities of the bulk sediment geochemistry at Sites U1428 and 
U1429 to these reference materials to require that the ultimate sediment composition is 
directly tied to these geographic source areas (e.g., post-Archean Australian average Shale) 
or to prescribe a transport pathway implied in the name of the material (e.g., eolian 
transport of “Chinese Loess”).  
The downhole profiles indicate periods of mixing between continental reference 
compositions similar to those represented by PAAS, UCC, and CL (Fig. 3). The 
geochemical trends at these sites also are not in concert with changes in the bulk 
accumulation rates (Fig. 2). The majority of the downhole profiles generally indicate 
mixing between PAAS- and CL-type compositions, along with suggestions of mixing 
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between PAAS-like and MORB-like (e.g., Rb/Al), or between CL and UCC-like (e.g. 
Cr/Al).   
However, there are notable excursions downhole between these sources that are 
similar to the reference compositions and downhole elemental ratio profiles, and other 
graphical techniques also do not clearly untangle the potential sources and the mixing 
history. For example, from 70 to 80 kyr the profiles of Rb/Al, La/Al, and Th/Al suggest 
the presence of a mafic MORB-like component, yet Ti/Al suggests UCC mixing. There is 
another decrease in various elemental ratios in downhole profiles between ~ 210 and 240 
kyr, which may suggest the presence of both UCC-like and MORB-like components, while 
PAAS-like and CL-like compositions are also within the mixing field, indicating the 
complexity in the system outside of simplified two-component mixing through time. Site 
U1428 also requires additional partitioning techniques to sufficiently describe mixing. 
 Contrasting patterns in ternary diagrams further highlight the complexities of 
determining mixing. Robust mixing lines for both sites between continental crust values 
(UCC, multiple loess compositions) and more mafic end members (Japanese Andesite, 
MORB) in the La-Th-Sc diagram highlight the small geochemical variability of the 
samples (Fig. 4). Other combinations, (e.g., Rb-Th-Cr) exhibit two arrays offset in 
compositional space, indicating multiple mixing relationships. 
Although none of the downhole profiles of major sedimentary components (Fig. 2), 
elemental ratios (Fig. 3), or ternary diagrams (Fig. 4) clearly indicate a unique set of 




 Despite being a low-resolution record, the concentration of CaCO3 (wt. %) from 
the shipboard data appears to decrease during glacial periods.  The pattern of 
CaCO3 accumulation rate shows the same general pattern, indicating that changes 
in CaCO3 concentration are not solely due to terrigenous dilution. 
 There is no clear relationship between variability in the terrigenous elemental 
ratios and bulk accumulation rate, indicating compositional changes are decoupled 
from accumulation rate changes.  
 There are some consistent patterns with depth and in ternary space, but mixing 
solutions are ambiguous without additional investigation. 
 
5. Provenance Assessment 
Site U1428 records the broad trends in terrigenous accumulation (Supporting 
Information), so we focus on the longer, higher resolution record from Site U1429 in the 
following sections. We gathered more samples from Site U1429 (n=58) compared to Site 
U1428 (n=23), so the statistical results are more robust at Site U1429. In the subsequent 
statistical modeling, a consistent suite of elements was utilized. The refractory elements 
selected for the provenance menu (Al, Ti, Sc, Cr, Rb, Th, and La) are not diagenetically 
reactive (Taylor and McLennan, 1985), are commonly associated with different crustal 
components, and therefore have been used in many previous provenance studies (Dunlea 
et al., 2015, and references therein).   
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QFA based on this refractory element menu resulted in five significant terrigenous 
factors that explain 99% of the variance of the dataset. The results from the QFA are 
expanded upon in the Supporting Information. The total number of factors determined from 
the QFA were used to inform the subsequent CLS multiple linear regressions.  We first 
identified 23 potential end-members from the GEOROC database (Supporting 
Information) that could fit the broad requirements indicated by the QFA.  Then, using the 
CLS codes of Dunlea and Murray (2015), tens of thousands of combinations involving 23 
geologically probable end-member compositions were tested (Table 1).  We used possible 
end-members of varying composition including aluminosilicate upper continental sources 
(e.g., PAAS, UCC, Chinese Upper Continental Crust, multiple Chinese loess sources from 
the loess plateau and major river drainage basins, and crustal components from Southern 
Japanese Islands), and more mafic sources (e.g., MORB, andesites, and certain appropriate 
Japanese volcanics including from the local Kyushu volcanoes Aira, Aso, and Ata). 
Goodness-of-fit parameters were recorded for each CLS model iteration and the models 
that had the highest coefficients of determination were identified (Supporting Information).  
This process of using every combination of five end-members from this extensive list to 
identify the combination(s) that best fits the data allows the identification of the most 
probable compositional end-members contributing to the bulk sediment. 
Iterations resulted in several hundreds of potential CLS models. From the top 300 
models, the best were ranked, and subsequently selected, based on the highest sum of 
coefficients of determination. This selection process is described more fully in the 
Supporting Information. From the top ~10 CLS models that best fit the dataset, the end-
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members were consistently UCC, Luochuan Loess, Xiashu Loess, and composite end-
members Kyushu Volcanics and Southern Japanese Islands (See Supporting Information). 
In the below sections, the presence and significance of these sources is discussed. 
5.1 Upper Continental Crust End-member 
Including generic Upper Continental Crust (UCC) in the end member menu 
consistently produced model outcomes with the highest goodness-of-fit and that explain 
99% of the data set. This is geologically reasonable due to the nearby position of Asia and 
potential fluvial erosion, and that this generic composition itself is a compilation in its own 
right (Taylor et al., 1983). The inclusion of loess-like compositions in the construction of 
the UCC composite may complicate the ultimate determination of transport mechanisms 
(e.g., fluvial versus eolian), however the models require that we use this end-member for 
the most robust results.  Throughout this record, UCC consistently contributes between 35 
to 79% of the total terrigenous fraction. The local maxima (or “peaks”) in UCC 
contribution (weight %) occur between 18 to 45 kyr, 85 to 105 kyr, 130 to 150 kyr and 195 
to 240 kyr, and 290 kyr to the end of the record at 400 kyr (Fig. 6). 
The UCC mass accumulation rate exhibits several local maxima between 18 kyr to 
45 kyr, 85 to 95 kyr, 125 to 140 kyr, 160 to 168 kyr, 195 to 218 kyr, with an absolute 
maximum accumulation rate of 24 g/cm2/kyr at 35 kyr. During the majority of this record, 
UCC mass accumulation rates typically ranges between 7 and 20 g/cm2/kyr (Fig. 7).  
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5.2 Chinese Loess End-members 
Two different Chinese loess end-members were consistently in the models with the 
highest goodness-of-fit parameters. The average compositional value from the well-
characterized Luochuan Loess sequence was consistently a statistically optimal end-
member in the best fit models. In this model, Luochuan Loess may represent a loess value 
from the Chinese Loess Plateau.  Xiashu Loess, an epigenetic loess sequence from the 
Yangtze River drainage basin enriched in Fe, Ti, and certain trace elements (e.g. Th, Zn, 
Ni, Cr, V) (Chen et al., 2008; Gong et al., 1987), was also consistently a second loess end-
member in the best fit models. The inclusion of these two loess end members does not 
necessarily imply a transport mechanism (e.g., eolian); they are solely used for the ability 
of their chemical composition to explain statistical variability in the dataset. For example, 
material from terrestrial loess deposits in the Asian interior could be transported by rivers, 
remobilized from the continental shelf, or indeed carried by winds prior to deposition at 
the locations of Sites U1428 and U1429, or, of course, by combinations of these transport 
mechanisms. As will be addressed in later sections, true eolian transported inputs are 
minimal and are not important relative to the significant fluvial input.  Regardless, these 
two loess compositions, sourced from different locations in the Asian interior, are a strong, 
required presence in robust model outcomes. 
The loess end-member contributions and mass accumulation rates exhibit variation 
over time. Luochuan Loess contributes between 16 to 55% of the terrigenous fraction 
throughout this record, while Xiashu Loess contributes 4 to 15% when present. Peaks in 
Luochuan Loess abundance in the bulk sediment occur from present until 8 kyr, 16 to 25 
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kyr, 40 to 55 kyr, 70 kyr, 110 kyr, 135 to 160 kyr, and 185 kyr, with a general increase in 
contribution from 16 to 25% contribution from 210 kyr until the end of the record. There 
are several periods of gradually increasing Luochuan Loess accumulation between 
approximately 18 to 45 kyr, and 150 to 185 kyr, with the maximum accumulation rates of 
22 g/cm2/kyr occurring at approximately 43 kyr and 155 kyr (Fig. 7).  The Xiashu Loess 
end-member is also variable over time, but exhibits a smaller relative contribution than the 
Luochuan end-member.  
When present, Xiashu Loess contributes to the terrigenous fraction between 25 to 
35 kyr, 90 to 100 kyr, 125 to 140 kyr, 165 to 175kyr, 235 to 245 kyr, and 290 kyr to the 
end of the record. There are several local maxima of the Xiashu Loess accumulation rate 
from approximately 30 kyr to 35 kyr, 100 to 105 kyr, 130 kyr to 145 kyr and 175 to 180 
kyr. Xiashu Loess reaches its maximum accumulation rate of 5 g/cm2/kyr at approximately 
140 kyr.   
5.3 Southern Japanese Island and Kyushu Volcanic End-members 
The CLS models with the highest goodness-of-fit also used combined end-members 
of “Southern Japanese Islands” and Kyushu Volcanics. Again, this is consistent with the 
geological and geographic environment, given the proximity of the Japan Arc.  “Southern 
Japanese Islands” is a compilation of more felsic, granitic crustal values from Kyushu, 
Shikoku, and other islands in the Ryukyu Arc, while Kyushu Volcanics is a compilation of 
volcanic lavas, ashes, and basalts sourced from Kyushu. Included in this end-member are 
several tephras used in tephra chronology, including several Aso, Aira, and Ata tephras 
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(Ikehara, 2015). Both of these end-members exhibited low concentrations through time, 
but are necessary requirements to model the variability of the dataset.  
The source from the Southern Japanese Islands ranges between 1 to 23 % of the 
terrigenous contribution, while the Kyushu Volcanics range between 1 to 3 % when 
present.  Southern Japanese Islands input is found from the present to 4 kyr, 18 to 30 kyr, 
48 to 85 kyr, 100 to135 kyr, 160 to 167 kyr, and 185 kyr until the end of the record. Local 
maxima in Southern Japanese Islands contribution occur between 5 and 10 kyr, 50 to 75 
kyr, 115 to 140 kyr, and 250 to 293 kyr. The mass accumulation rate of the Southern 
Japanese Islands end-member increases between 55 - 75 kyr, 130 - 140kyr, reaching a 
maximum accumulation rate of 7 g/cm2/kyr at 65 kyr, from a background of approximately 
2 g/cm2/kyr. Pulses in the mass accumulation rate of this end-member help explain the 
depletions toward general crustal values seen in the Ti/Al ratios (Fig. 3).  
The Kyushu Volcanics end-member appears in the record several times. This end-
member contributes to the terrigenous fraction between 85 to 100 kyr, 110 to 130 kyr, 155 
to 165 kyr, 222 to 245 kyr, and 260 kyr to the end of the record. The Kyushu Volcanics 
end-member accumulation rate was consistently less than 1 g/cm2/kyr through time, but is 
necessary to constrain the general enrichment in Ti/Al towards mafic compositions through 
time (Fig. 3).  
The total terrigenous fluxes are not directly linked to the same end-members 
through time, as Southern Japanese Islands and Kyushu Volcanic end-members have a 
higher mass accumulation rate even at times of lower total terrigenous accumulation rate. 
Southern Japanese Islands may represent fluvially transported crustal material from several 
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southern islands in the Japanese archipelago and therefore reflect changes in local/regional 
sediment supply. The Kyushu Volcanics end-member may represent a combination of 
airborne ashes, or fluvially transported volcanic material from the Japanese archipelago, 
separate from processes on the Asian continent. Specifically, the Kyushu Volcanics end-
member may trace activity of the Aso Volcano on Kyushu, as the chemically and 
temporally well-characterized tephras Aso-1, Aso-3, and Aso-4 are included in this end-
member (Ikehara, 2015). Accumulation peaks in this end member occur approximately at 
the same time as these tephra deposits, and may also represent discrete and dispersed ash.  
 
6. Geochemical Evolution of the East China Sea 
There are multiple sources contributing terrigenous aluminosilicate material to the 
bulk sediment at Sites U1428 and U1429.  All five components are broadly similar in that 
they include upper continental crustal composition(s), loess, and ash, and we reinforce that 
having the five distinct components is required by both the QFA approach and the CLS 
linear regressions.  We further emphasize that, even though some of the end member 
compositions are best approximated by loess compositions, such a determination does not 
require an eolian pathway by which that loess composition arrives on the seafloor at Sites 
U1428 and 1429.  Specifically, our approach alone cannot definitively differentiate direct 
deposition of eolian dust from the fluvial transport of eroded terrestrial loess deposits.   
 Nonetheless, there are a number of different mechanisms that potentially could 
explain the changes through time in the composition of the terrigenous component(s) as 
well as the flux(es) of the different component(s). These include variability in the 1) 
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strength and/or position of the Kuroshio Current, 2) proportion of sediment supply from 
fluvial or eolian transport, or 3) shelf bypass processes, as discussed below.  Examining 
the changes in source composition, and the changes in absolute and relative fluxes, helps 
to shed light on the climatically controlled inputs of terrigenous material to the East China 
Sea and potential complications in climate reconstructions from fluvial dominated 
sediment. 
6.1. Changes in Path and Intensity of the Kuroshio Current 
We first consider the potential influence of changes in the Kuroshio Current to the 
sediment record at these sites.  There is limited agreement as to the path and intensity of 
the Kuroshio during glacial/interglacial sea level change.  Models either indicate deflection 
of the boundary current eastward of the Ryukyu Arc (Ujiié and Ujiié, 1999), or suggest 
that the Kuroshio maintained a path through the ECS and along the shelf-break (Dou et al., 
2010). Paleoceanographic proxies suggest that the path of the Kuroshio followed the shelf-
break on the eastern edge of the Okinawa trough during glacial lowstands (Gallagher et al., 
2015; Kawahata et al., 2006; Lee et al., 2013), which may have limited shelf–bypass of 
sediment and deposition in deeper settings east of the Okinawa Trough and continental 
shelf.  
These Kuroshio processes may have contributed to changes in deposition at Sites 
U1428 and U1429, but cannot be uniquely isolated with our current dataset.  Nonetheless, 
as will be seen in the following discussions, we can explain the sedimentary record at these 
sites entirely considering only erosional, eolian, and/or sea-level related depositional 
processes.  While we cannot exclude that there are paired impacts from changes in strength 
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or location of the Kuroshio that are occurring simultaneously with these other climate-
related processes, there is no requirement to invoke such Kuroshio-related changes to 
explain the sedimentary chemical record at Sites U1428 and U1429.  Ongoing high 
resolution scanning XRF studies of these same sites may add to this discussion in the 
future. 
6.2 Differentiating Fluvial and Eolian Transport 
In this region, it is expected that dust fluxes would increase during glacial periods 
as  vegetation in northern China is more sparse, and the frequency of high-speed wind 
events and wind intensity may increase (McGee et al., 2010; Nagashima et al., 2007). This 
is a difficult process to untangle, however, since much of the terrigenous sediment that 
would be transported by wind is compositionally similar to material that would be 
transported by rivers from the Asian interior, or transported through terrestrial eolian 
deposition and remobilization, and possible fluvial reworking, before ultimate deposition 
in the ocean.  
The most conservative interpretation is to consider that the generic UCC end-
member, which contributes more than 50 weight % of the terrigenous fraction, represents 
the primary fluvial component of terrestrial material transported by the major Asian rivers 
that are, after all, quite nearby and are very large. Additionally, the increase in dust 
deposition to the Asian interior may also influence sediment composition transported 
through the fluvial pathway. Increased dust deposition on the Chinese Loess Plateau may 
supply loess-like material to the river systems, shifting the fluvial signal from UCC-like 
composition to more loess-like. 
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For example, Zhao et al., (2017) identified a Yellow River end-member in the clay 
fraction of the sediment at site U1429. This Yellow River end-member has an average 
LGM accumulation rate of 35.7 g/cm2/kyr and 11.2 g/cm2/kyr during the Holocene. In our 
models, UCC accumulation rate during the LGM is 18 g/cm2/kyr, and the accumulation 
rate of Luochuan Loess is 17 g/cm2/kyr. If we assume that both of these end-members are 
transported by rivers and/or as the result of reworked loess in the Yellow River drainage 
basin, our model estimate of accumulation (35 g/cm2/kyr) is in agreement with that of Zhao 
et al., (2017) for the LGM. In the Holocene, our modeled average accumulation rates are 
higher—UCC at approximately 9 g/cm2/kyr, 12 g/cm2/kyr for Luochuan, and 21 g/cm2/kyr 
total average accumulation—which coincides with a change in grain size from clay to silt 
and an increase in mean grain size (Fig. 6) (Zhao et al., 2017). The coincident increases in 
SiO2/Al2O3 and UCC may indicate very fine grained turbidites. Differences in grain size 
often indicate changes in distance between source and deposition location that may not be 
reflected by the overall chemistry. The strong agreement between these two independent 
datasets using widely different methods to determine provenance gives increased 
confidence in our understanding of the system. Additional discussion of grain size is 
continued in the Section 6.3. 
During the LGM, the median accumulation rate of loess on the Chinese Plateau was 
31 g/cm2/kyr (Kohfeld and Harrison, 2003), and fluxes are expected to decrease with 
distance from this depositional region. In comparison, the accumulation rates of the 
modelled Luochuan and Xiashu Loesses at Sites U1428 and U1429 reach 17 g/cm2/kyr 
accumulation rates during the LGM. The values of ~ 31 g/cm2/kyr and 17 g/cm2/kyr are 
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neither distinct enough from each other, nor close enough to each other, to make any 
substantive conclusion as to whether the loess material found in the sediment is air-borne 
or eroded from terrestrial deposits. Additional information is needed.  
In this context, therefore, another approach is to compare the accumulation of the 
Luochuan and Xiashu loess-like end-members to present-day dust fluxes to the region, and 
compare to estimations of glacial dust fluxes.  For example, Osada et al. (2014) measured 
present-day dry and wet dust deposition across Japan and estimated that modern dust 
deposition accumulates at rates of 0.4 g/cm2/kyr to 1.2 g/cm2/kyr. If we assume that dust 
fluxes increased from two- to four times the present fluxes during glacial periods (Hovan 
et al., 1989; McGee et al., 2010), reasonable glacial dust deposition estimates would result 
in accumulation rates of ~1 to 5 g/cm2/kyr.  Given these estimates, therefore, the 
accumulation rate of the Luochuan Loess end-member at Sites U1428 and U1429 (15 to 
23 g/cm2/kyr) is likely too large to be explained by purely eolian deposition, and at least a 
significant portion of it may be fluvially transported from the Asian interior. However, the 
accumulation of Xiashu Loess is consistent with this estimate, reaching maximum 
accumulation rates of 4 to 5 g/cm2/kyr at several glacial transition periods (Fig. 7).  Recall 
further that the Xiashu dust end-member is a relatively small fraction of the total 
terrigenous supply, consistent with a recent independent study at this site (Zhao et al., 
2017). The relatively small contribution of eolian material to the overall terrigenous 
accumulation at this site highlights the high potential for inadvertently confusing transport 
mechanisms for compositionally different sources despite similar assumptions of their own 
loess-like provenance.  
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6.3.  Sea Level and Sediment Shelf Bypass 
 Pleistocene glacial cyclicity had a strong influence on sea level in the epicontinental 
seas of Asia (Berné et al., 2002; Saito et al., 1998; Yoo et al., 2016). Global reconstructions 
of sea level during the Pleistocene indicate sea level decreased as much as -130 m relative 
to present sea level (RSL) during glacial periods, and possibly rose to +20 m RSL during 
interglacials (Spratt and Lisiecki, 2016). The transgressions and regressions of the paleo-
sea level influenced sediment delivery to deep marine systems and may be recorded as 
variability in sediment flux into the Okinawa Trough (Dou et al., 2010; Saito et al., 1998; 
Yoo et al., 2016).   
While the local systematics are complex, the highstands, marked by increasing sea 
level, trap sediment closer to the mouths of rivers and along the Asian continental shelf. 
During these times, while the sediment accommodation space is large, a fine-grained 
sediment collects on the inner-continental shelf near the mouth of the Yangtze River (Xu 
et al., 2012) as well as in the Bohai Sea and Yellow Sea near the mouth of the Yellow River 
(Lim et al., 2006; Yoo et al., 2016). During glacial regressions, as sea level falls, the 
continental shelf is exposed and previously deposited sediment may be remobilized to 
deeper sediment systems as the paleo-shoreline recedes and river mouths advance.  
Although the low-resolution nature of our current study precludes quantitative time 
series analysis, the records at Sites U1428 and U1429 document that the increases in total 
terrigenous flux in MIS 3 and MIS 6 precede minimum relative sea levels by several 
thousand years (Fig. 7).  This suggests that the potential remobilization of continental shelf 
sediment during glacial lowstands causes maximum sediment fluxes during the last stages 
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of sea-level lowering rather than during the maximum lowstand itself. However, there is 
no discernable peak in terrigenous flux during MIS 8 or 10, other periods of lowest sea 
levels, which may indicate that multiple processes work in concert during the periods of 
the highest accumulation rates, or that the system is currently in transition from one mode 
to another.  
Furthermore, changes in shelf exposure related to sea level is consistent with 
advancement of the Yellow and Yangtze rivers across the continental shelf toward the 
Okinawa Trough during glacial periods (Diekmann et al., 2008; Dou et al., 2016; Oiwane 
et al., 2011). The advancement of these major river mouths would predominantly focus 
sediment supply from the paleo-Yellow River to the region of Sites U1428 and U1429 in 
the Okinawa Trough, compared to the present when the sediment is trapped on the inner 
continental shelf (Xu et al., 2012). This transport mechanism may be indicated by the 
cyclicity in UCC and Luochuan Loess end-member accumulation rates, representing 
continental material (and in particular terrestrial deposits of loess) transported by the 
Yellow River directly supplying sediment. The peaks in UCC and Luochuan accumulation 
rates during interglacial periods (e.g., 65 to 80 kyr, 100 to 115 kyr, 175 to 185 kyr, and 290 
to 320 kyr) may indicate increased riverine flux, while sea levels were still relatively low 
compared to present (Fig. 7). 
Exposure of the Bohai, Yellow, and East China Sea continental shelves would also 
facilitate remobilization of material through changes in the paleo-shoreline or eolian 
processes as sea level decreased during glacial periods. Reworking of these shelf deposits 
may cause increased accumulation rates of UCC and Luochuan Loess during times of sea 
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level change. It would, however, take several thousand years for the river mouths to 
advance towards the shelf-break, and may increase the relative fraction of local material 
supply from the Southern Japanese Islands to these sites. We hypothesize that the 
maximum rate of sediment deposition at this site is a reflection of maximum shelf exposure 
rate (as distinct from shelf exposure amount). As the continental shelf is newly exposed 
during periods of lower sea level, the maximum loss of shelf material reflects the maximum 
rate of shelf exposure, and therefore the highest accumulation rates in this depositional 
system.  
Small peaks (2 to 7 g/cm2/kyr) occur in the Southern Japanese Islands end-member 
during coincident times of decreased UCC and Luochuan end-member accumulation and 
increased relative sea level. This is also mirrored in the LGM average Kyushu end-member 
accumulation rate identified by Zhao et al. (2017). Similar patterns of increased Southern 
Japanese end-member accumulation and the grain size proxy SiO2/Al2O3 (g/g) occurs when 
relative sea level is also increased (Fig. 6). This may reflect a shift to more localized 
sediment delivery of larger grain size (silts) from the Kyushu and the Japanese 
Archipelago, or fine grained turbidites.  It is, however, difficult to discern sediment 
remobilized from the exposed shelf versus sediment transported from terrestrial systems 
under shifting atmospheric and riverine conditions given our low temporal resolution.  
The weathering signal may also be tied to changes in the hydrologic cycle in the 
Asian interior. Reconstructions of the Asian hydrologic cycle have focused on speleothems 
and paleosalinity records, in order to probe variability in the Asian Monsoon system and 
therefore precipitation and riverine flux (Clemens et al., 2010; Kubota et al., 2010). 
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Chinese speleothem δ18O records (e.g., Cheng et al., 2016) show clear precessional 
variability and are interpreted as reflecting higher monsoon intensity during the 
precessional maxima in local summer insolation. Planktonic δ18O records from the South 
China Sea, possibly reflecting input from the Pearl River, also show precessional 
variability over the last 350 kyr (Caballero-Gill et al., 2012). It is unclear whether 
speleothem δ18O records reflect local precipitation compared to upstream monsoon 
precipitation.  Similarly, the planktonic δ18O records may reflect changes in the δ18O of 
river end-members rather than in changes in volume of river inputs. If these records do 
reflect local precipitation, one would predict higher fluvial outflow and sediment flux 
during precessional maxima. Due to coarse temporal resolution, our sediment records do 
not exhibit clear precessional variability in terrigenous flux, which limit direct comparison 
to the aforementioned speleothem records. Additional on-going work by our research 
group on high resolution XRF-scanning data may provide further information about this 
topic. 
Given the body of previous research to investigate terrestrial and marine 
components recording the history of the Asian Monsoon, large-scale climate processes may 
not be interpreted in a direct or straight forward manner from similar, fluvial dominated 
sediments. Even with the low resolution record, it is clear that there is limited glacial-
interglacial climate signals in the terrigenous provenance at these sites that likely indicate 
larger more complicated problems in reconstructions from fluvial sediments: influence 
from sea level change and shelf storage, as well as global climate processes and localized 
monsoonal variability. These processes also influence other fluvial deposition systems, so 
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careful consideration is necessary to untangle specific, localized climate history from 
fluvial deposits.  
 
7. Summary and Conclusions 
We analyzed major, trace and rare earth elements in 82 bulk sediment samples from 
IODP Sites U1428 and U1429 in the East China Sea. We used multivariate statistical 
partitioning techniques to identify and quantify five sediment source components in these 
samples. Via CLS modeling, our results indicate that UCC, Louchuan Loess, Xiashu Loess, 
Southern Japanese Islands, and Kyushu Volcanics components are the end-members 
contributing aluminosilicate material to the East China Sea. The statistical identification of 
these end-members does not prescribe transportation mechanism, but interpretation is 
possible with other environmental records.  
The physical changes to the local depositional environment through sea level, 
fluvial supply, eolian inputs, shelf-bypass, and volcanic processes all likely combined to 
different degrees through time to influence the record of terrigenous supply to Sites U1428 
and U1429 during the last ~400kyr. Mass accumulation rates of UCC and Luochuan Loess 
may reflect increased fluvial supply and reworking of loess-like material to these sites. The 
grain size proxy SiO2/Al2O3 suggests several periods of increased grain size during 
intervals of increased sea level or rapid changes in climate, which may indicate increased 
supply of localized, larger grained sediment from the Japanese Islands.  The Kyushu 
Volcanic end-member, while low in abundance, may record several well-characterized 
eruptions of the Aso Volcano or other compositionally similar volcanoes from the region. 
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Higher resolution studies via XRF in this region are necessary to answer key additional 
climate questions related to shorter lived changes in the processes influencing atmospheric 
and hydrologic cycles in East Asia as related to the East Asian Monsoon.  
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Figure 2.1: Bathymetric map of sites from IODP Expedition 346 (red circles), previous 
DSDP/ODP drill sites (white circles) and present surface currents (red arrows). From 






Figure 2.2: Shipboard lithologic summaries, CaCO3 content (wt. %), Terrigenous content 
(wt. %), CaCO3 accumulation rate (g cm-2 kyr-1) and terrigenous accumulation rate (g cm-
2 kyr-1) are plotted with age (kyr) at IODP Sites U1428 (top) and U1429 (bottom). Ages 
were determined from the benthic oxygen and tephrostratigraphic age model from 
Sagawa et al., (2017). Horizontal shaded regions indicate glacial periods (Lisiecki and 
Raymo, 2005). Accumulation rates are calculated from dry bulk density, linear 
sedimentation rate, and the resulting bulk accumulation rate. CaCO3 accumulation rate 
was calculated from the shipboard CaCO3 concentration data (Expedition 346 Scientists, 
2014) and interpolated bulk accumulation rate.  These calculations and parameters are 






Figure 2.3: Element ratio (g/g and μg/g) age profiles for both sites. Shown for reference, 
the gray vertical lines depict average values for upper continental crust (UCC), Chinese 
Loess (CL), post-Archean Australian average shale (PAAS) (Taylor & McLennan, 1985), 





Figure 2.4: Bulk sediment samples plotted on ternary diagrams with end-member 
compositions. Th-La-Sc diagram indicates mixing between mafic and felsic end-








Figure 2.5: Left:  Grain size proxy SiO2/Al2O3 ratio (g/g, blue line with closed circles) 
presented with relative sea level (black line) (Spratt and Lisiecki, 2016) over the last 450 
kyr.  Mean grain size (μm) from Zhao et al., (2017) (yellow line with open circles) and 
SiO2/Al2O3 are compared over the last 34 kyr. . The y-axis is age (kyr) and horizontal 
shaded regions indicate glacial periods (Lisiecki and Raymo, 2005). Right: Comparison 
of Bulk Accumulation Rate (BAR, g cm-2 kyr-1) and terrigenous contribution (%). BAR is 
plotted as the solid black line. The end-member contributions are plotted to sum to one-
hundred percent, with each color representing the sum of each end-member contribution 










Figure 2.6: Mass accumulation rates (MAR) of five end-members produced by the CLS 
models of terrigenous sediment provenance (see legend). End-member MARs are plotted 
as 3-point moving averages (lines) and discrete sample accumulation rates (points) 
Relative sea level (black line) and glacial Marine isotopic stages (MIS) (shaded regions) 









Table 2.1 Potential end-members tested in Constrained Least Squares (CLS) models. 
References for each end-member are listed in the last column. *End-members are average 
compositions of whole rocks or †volcanic material from various Japanese islands 
downloaded from GEOROC database accessed January 2017 
(http://georoc.mpch.gedg.de/georoc/). Prior to averaging GEOROC data, extreme outliers 








    
Supporting Information for “Climatically Driven Changes in the Supply of Terrigenous 
Sediment to the East China Sea” 
2.S1. Age Model, Linear Sedimentation Rate, Dry Bulk Density, and Bulk 
Accumulation Rates 
 
While the original drilling plans called for deep penetration and the anticipated 
recovery of Miocene-aged sediment, the sands of Unit B prevented recovery of materials 
deeper than 188 meters below seafloor (mbsf).  Site U1429 was drilled after Site U1428 
was abandoned, and the sands of Unit B were also recovered there as well. 
The age models for both sites were based on shipboard micropaleontology, followed by 
shorebased analysis of benthic δ18O and mapping to the global benthic stack using 28 tie 
points from the last 400 kyr (Sagawa et al., 2017). Linear sedimentation rates (LSR, 
cm/kyr) were determined from the age model itself.  Dry bulk densities (DBD, g/cm3) were 
taken from shipboard measurements from Tada et al., (2013). Bulk accumulation rates 
(BAR, g/cm2/kyr) were calculated from the dry bulk density values and linear 
sedimentation rates for discrete samples. Here, we present the profiles of these parameters 




Figure 2.S1. Shipboard lithologic summaries and CaCO3 content (wt. %) plotted vs. 
meters below seafloor (mbsf). Dry bulk density (DBD, g/cm3), linear sedimentation rate 
(LSR, cm/kyr), and bulk accumulation rates (BAR, g/cm2/kyr) with age (kyr) at IODP 
Sites U1428 (top) and U1429 (bottom). LSR calculated from sample depth and age from 









2.S2. Redox Chemistry 
The geochemical characterization of Sites U1428 and U1429 is potentially 
complicated by the sub-oxic nature of the sediments and the potential for changes in 
oxygenation through time, which can influence mobilization and precipitation of certain 
elements. In this section, we use a suite of redox sensitive elements to investigate redox 
states. Although not the focus of this paper, this is important to ensure that that redox 
environment does not compromise the provenance signals and serves to further 
characterize the depositional environment of the Danjo Basin. 
 Interstitial water profiles at Site U1429 exhibit active Mn reduction in the upper 20 
mbsf and sulfate reduction in the upper 50 mbsf of the sediment column (Expedition 346 
Scientists, 2014), indicating reducing conditions at present. Selected redox sensitive 
elements in the sediment are often enriched above the elemental compositions of PAAS 
with few excursions less than this reference, as seen in Fe/Al (Fig. S4). Other element ratios 
(e.g., Cu/Al) express mixing between PAAS and CL reference values downhole, except for 
a pronounced decrease from approximately 210 to 240 kyr. Zn/Al and U/Al exhibit 
concentrations greater than PAAS and continental reference values, which may reflect in 
situ enrichment, as is common in reducing environments (Calvert and Pedersen, 1993; 
Morford and Emerson, 1999). The Zn-Cu-Mo ternary diagram (Fig. S5) indicates two 
compositionally different populations. These profiles collectively suggest periodic 
modestly reducing conditions. 
To further investigate the reducing redox nature of the sites, an element suite 
consisting of Fe, Mn, V, Cu, Zn, Mo, and U was chosen to characterize the potential 
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remobilization of these redox sensitive elements in the sediments. The redox QFA resulted 
in four significant factors that together explain 99% of the total variance in this dataset 
(Fig. S6). Factor 1 explains 32% of the variance and indicates that Fe, Mn, V, and Cu 
covary strongly. The covariance of Mn, Cu, and U in the second factor explains 32% of 
the variance. Factor 3 explains 32% of the variance and emphasizes Zn. The fourth factor 
explains ~2% of the variance and has high covariance of both Mn and U.   
Considering these QFA groupings, the downhole profiles of these elements (Fig. 
S4) document relative depletions in Fe, Mn, and Cu at 70 to 80 kyr and 210 to 240 kyr, and 
relative enrichments in Zn and U, which collectively indicate reducing conditions (Calvert 
and Pedersen, 1993; Morford and Emerson, 1999). However, several elements (e.g., Mn, 
Zn, U) seem decoupled from each other in the QFA. The isolation of Zn and Mn into 
separate factors, and the combination of Mn and U into a separate factor, may indicate that 
these elements are currently associated with different phases.  While additional research 
could target these redox variations in greater detail, given the moderate nature of the 
excursions in these profiles and that concentrations of key elements such as Mo are low 
(e.g., Mo < 5 ppm here, as opposed to many 10s of ppm in strongly reducing environments), 





Figure 2.S2. Redox-sensitive element ratio (g/g and μg/g) age profiles for both sites. 
Shown for reference, the gray vertical lines depict average values for upper continental 
crust (UCC), Chinese Loess (CL), post-Archean Australian average shale (PAAS) (Taylor 










Figure 2.S3. VARIMAX-rotated factor scores from QFA statistical analyses. Factors 1, 2, 
3, and 4 from the QFA statistical analysis of redox sensitive elements. The variability of 
the data set explained by each factor is shown in each factor plot. The height of each bar 
indicates the VARIMAX-rotated factor scores of each element in each factor. The larger 






Figure 2.S4. Bulk sediment samples plotted on ternary diagrams with end-member 





2.S3. Geochemical Sample Preparation  
All sample preparation and analysis were performed in the Analytical 
Geochemistry Facility at Boston University. Representative subsamples were freeze dried 
and hand powdered in an agate mortar and pestle for each discrete sample prior to digestion. 
Samples were dissolved via flux fusion as described most recently in Dunlea et al., (2015). 
Powdered sample was combined with lithium metaborate (LiBO2) in an ultra-pure graphite 
crucible and heated at 1050°C for ten minutes to completely melt the sample and flux 
compound. Molten samples were then poured into 50 mL of 5% nitric acid and manually 
shaken (not stirred). The resulting solution was filtered through a 0.45μm Millex filter 
attached to a 12 mL HDPE plastic syringe, and re-diluted to 1:4000 by mass. These final 
solutions were analyzed via inductively coupled plasma emission spectrometry (ICP-ES; 
Jobin-Yvon Ultima-C) for all major (Si, Al, Ti, Fe, Mn, Ca, Mg, Na, K, P) and selected 
trace elements (Sc, V, Cu, Sr, Y, Ba).  
Separate acid digestions were conducted for the analysis of additional trace 
elements and rare earth elements (REEs). Powdered sample was weighed into a Teflon™ 
vial with a cocktail consisting of double distilled concentrated hydrochloride, nitric, and 
hydrofluoric acids. Vials were sealed and heated at sub-boiling temperatures for 24 hours 
prior to sonication and neutralization by UltraPure grade H2O2 (Fisher, New Jersey, USA). 
Samples were then dried and re-dissolved in one mL of HNO3 and one mL H2O2, and 
diluted 1:5000 by mass with 2% HNO3. Final dilutions were analyzed by inductively 
coupled plasma mass spectrometry (ICP-MS, VG Plasma Quad ExCell). 
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Precision and accuracy are well-constrained.  For each batch of samples, we 
analyzed three separate digestions of a homogenized, natural in-house sediment reference 
from Expedition 346, results of which indicated that the data are precise to within ~2% of 
the measured value for each element. To ensure accuracy, the international Standard 
Reference Material BHVO-2 was prepared and analyzed as an unknown in each analysis 
run on both instruments and compared to the accepted element concentrations. Measured 
BHVO-2 concentrations were consistently accurate within precision for the entire element 
suite (Ireland et al., 2014). 
 
2.S4. Provenance Assessment: QFA, CLS, and Determination of Best-fit Models. 
Our group uses extended Q-mode factor analysis (QFA) (e.g. Dunlea et al., 2015; 
Scudder et al., 2016; Ziegler et al., 2007 and references therein) to determine the minimum 
number of compositional factors to explain the maximum variability of the dataset. In QFA, 
each sample is treated as the result of mixing between specific factors, which are 
interpreted to represent the sediment sources.   We use the MATLAB scripts published by 
Pisias et al., (2013) for this data exploration. To determine the minimum number of factors 
required to explain the dataset, additional QFA analyses are conducted by changing the 
number of factors used in the VARIMAX rotations. Factors are sequentially increased one 
by one, and then systematically decreased until the variance explained by the smallest 
factor is above our measurement error. This ensures that the identified number of factors 
is stable and sufficient to explain the most variance in the dataset. Care is taken to assess 
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the sensitivity of the factor analysis techniques to identify the most robust factors to use in 
subsequent multiple linear regressions. 
In this study, the QFA based on the refractory element menu resulted in five 
significant terrigenous factors that explain 99% of the variance of the dataset (Fig. 5). The 
first four factors are broadly similar, indicating that several aluminosilicates from different 
upper crustal sources of only slightly different compositions dominate the bulk sediment 
composition. Factor 1 is marked by strong covariance of Sc and La; Factor 2 has Al, Sc, 
and Cr covarying; in Factor 3 Al and Cr covary; and Factor 4 reflects covariance of Sc and 
Rb.  These factors respectively describe 34%, 24%, 24% and 15% of the variance in the 
dataset. Although explaining only a small amount of the variance (3%), the 5th factor is 
required for complete modeling of the sequence.  This Factor 5 emphasizes Ti, which we 
interpret as indicating either an enriched mafic end-member or an intermediate composition 
ash. 
  Once the minimum number of factors are identified via QFA, we then use iterative 
Constrained Least Squares (CLS) multiple linear regression techniques to test all possible 
combinations of potential compositional end-members.  The CLS code described in Pisias 
et al. (2013) creates a multi-dimensional mixing model that determines the optimal 
proportions of each end-member by minimizing the sum of the square statistical residuals 
between the model and given sample dataset. As a final step, this CLS code generates the 
proportions of one set of specified end-members in each sample of the dataset. Previously, 
iterations of this code were laboriously repeated using different combinations of end-
member compositions using geologically and geochemically reasonable potential end-
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members for the total number of factors identified via QFA. This process creates an 
abundance of outputs that can be unintentionally influenced by user selected end-members 
and neglect possible mixing outcomes.  
To determine the best-fit CLS models, we use automatically generated iterative 
CLS multiple linear regression analyses based on the MATLAB scripts from Dunlea and 
Murray (2015). These CLS scripts are, at their core, identical to the codes in Pisias et al. 
(2013), but remove the labor intensive process of identifying the best fit end-members for 
CLS. However, it is necessary to return to the CLS codes of Pisias et al. (2013) to determine 
the final relative contributions of each end-member, or end-member families, to each 
sample for each iteration. 
Using the geochemical database GEOROC (http://georoc.mpch-
mainz.gwdg.de/georoc/), we geographically constrained possible end-members from the 
GEOROC collection of 15+ million global discrete data points. Data tabulated covers Asia, 
including the major deserts in China and Mongolia, Himalaya and Tibetan Plateau crust, 
well-characterized loess from the Chinese Loess Plateau, crust and volcanic material from 
Japan, as well as common generic reference material such as Upper Continental Crust 
(UCC) (Taylor and McLennan, 1985), Chinese Loess (CL) (Taylor et al., 1983), and Mid-
Ocean Ridge Basalt (MORB) (Gale et al., 2013).  Geochemical data was grouped by 
geographic region and type (e.g., continental crustal values of Chinese provinces, loess 
sequences, specific Japanese islands, and volcanic rocks of individual Japanese volcanoes), 
resulting in 160+ end-members to test. Extreme outliers were removed, remaining data was 
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averaged for each discrete geographic area and rock type.  A total of 110 potential end-
members were used in the initial CLS models.  
Following the initial CLS iteration, the potential end-member list was condensed 
for ease of calculation. Several additional CLS iterations were conducted to identify and 
remove or combine end-members that did not contribute to the top 1000 models. End-
members of similar composition (e.g., loess values of similar geochemical composition), 
and/or geographic proximity (e.g., proximal Japanese islands to Kyushu, islands in the 
Ryuku Arc) were averaged within a locale where possible. The resulting end-member menu 
consisted of 23 potential end-members used in the final iterative CLS calculations (Table 
1 in the main text).  
In the final output of the iterative CLS code, we identified the best fit models by 
the models with the highest sum of coefficients. This parameter is the sum of all element 
coefficients of determination (that is, r2 x 100), to maximize the goodness of fit for each 
element within the CLS model. However, it is often not enough to only take the single 
“best” model, but to consider the top models collectively. For example, several end-
member combinations commonly have negligible difference in goodness of fit, making 
patterns common to these collected models useful to select end-member combinations to 
consider further. 
We identify the first set of end-member combinations with the sum of coefficients 
that are significantly higher than the next best end-member combination. When multiple 
end-member combinations create models that fit the data equally well and there is no a 
priori reason to prefer one model instead of the others, it is practical to average output 
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fractions of each of the top best-fit model. In this dataset, we identified 11 models as the 
best fit from the top 300 models based on their sum of coefficients that were higher than 
the next best model (Fig. S1). 
Care was taken to identify patterns in the end-member contributions in the top 11 
best fit models. For example, UCC appears consistently as the first end-member; Luochuan 
and Xiashu Loesses appear as the second or third end-member and/ or paired with Chinese 
Loess; several Japanese islands and volcanic compositions appear as the fourth and fifth 
end-members (Figure S2).  
Based on the patterns in the CLS output, end-member combinations that were 
equally well fit were combined to create compositional “families”, or categories of end-
members. For example, specific Southern Island Chain and Ryukyu were combined into 
“Southern Japanese Islands” and Kyushu Volcanic composition was selected as the final 
end-member due to it encompassing the remaining Yufu-Tsurumi volcanic composition 
and its ubiquity in the fifth end-member. The resulting composite end-members were tested 
for model stability in iterative CLS tests as well as in the original CLS scripts. These end-
members were then used in the final CLS iterations using the Pisias et al. (2013) MATLAB 




Figure 2.S5.  VARIMAX-rotated factor scores from QFA statistical analyses. Factors 1, 
2, 3, 4, and 5 from the QFA statistical analysis of elements indicative of sediment 
provenance. The variability of the data set explained by each factor is shown in each factor 
plot. The height of each bar indicates the VARIMAX-rotated factor scores of each element 
in each factor. The larger the bar (either up or down), the stronger the elements covary 








Figure 2.S6. Sum of coefficients for the 50 best end-member combinations from iterative 
CLS calculation of 23 discrete end-members for 5 factors for Sites U1428 and U1429.  
Notice pronounced decrease in the sum of the coefficients between the 11th and 12th 
models, and therefore we considered the top 11 models to collectively be the most likely 





Figure 2.S7. Example output from CLS codes (Dunlea and Murray, 2015) for Sites U1428 
and U1429 in this study. Patterns in end-member combinations make it possible to create 









2.S5. Mass Accumulation Rates at Site U1428 
In the main text of the paper we emphasize the data from Site U1429 since it extends 
further back in time.  Here, we present the results from Site U1428 for completeness and 
comparison.  
Site U1428 exhibits similar trends to Site U1429 in end-member contributions 
when the differences in sampling resolution are taken into account.  We did several 
different exercises to examine the similarities and differences between the sites.  We use 
the same five factors and resulting five end-members from the QFA and CLS modeling of 
both sites as a single dataset.  
The generic Upper Continental Crust (UCC)-like end-member, possibly 
representing fluvially and/or eolian transported material from the Asian continent, is a 
robust component. At Site U1428, this UCC-like end-member contributes 48% to 67% of 
the total terrigenous fraction, with local maxima in contribution occurring between 24 to 
47 kyr (67%), 70 to 84 kyr (67%) and 186 to 223 kyr (58%), as seen in Figure S8. The 
mass accumulation rate of the UCC-like end-member reaches a local maximum between 
24 and 84 kyr, as MAR increases from a baseline of 10 g cm-2 kyr-1 up to 19 g cm-2 kyr-
1 around 46 kyr (Figure S9). Following this local maxima, the UCC-like MAR decreases 
to 10 g cm-2 kyr-1 by approximately 130 kyr, before gradually increasing to 15 g cm-2 
kyr-1 by the end of this record at approximately 240 kyr. The pattern of the UCC-like 
component at U1428 is comparable to the pattern at U1429. The contribution of the UCC-
like component is generally greater through the record at Site U1429, and captures a similar 
peak in contribution and MAR between 18 to 47 kyr. However, the record at U1428 does 
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not capture the variability in the UCC-like component seen in U1429 from 100 kyr and 
older, possibly due to the difference in sample density between these two sites. 
The Chinese Loess end-members (Luochuan and Xiashu) exhibit less variability in 
contribution and MAR in the U1428 record compared to U1429. The Luochuan Loess end-
member exhibits local maxima in contribution from 17 to 28 kyr (39%), and 130 to 146 
kyr (48%) before decreasing down hole. A local minimum in contribution occurs from 84 
to 98 kyr, reaching only 10% contribution in Site U1428. When present, the Xiashu Loess 
end-member reaches 8% contribution and is notable from 84 to 130 kyr (Figure S8). The 
presence of the Xiashu Loess component overlaps with the record at U1429, but finer 
details in both loess-like components are not captured in the lower resolution record at 
U1428. A gradual increase in Luochuan Loess MAR occurs between approximately 17 and 
84 kyr, reaching a maximum accumulation rate of 10 g cm-2 kyr-1 (Figure S9). Xiashu 
Loess is consistently low in MAR, exhibiting its highest accumulation rate of 1.7 g cm-2 
kyr-1 when present from 84 to 130 kyr. Both of these loess-like end-members exhibit 
accumulation rates that are approximately half the rates calculated at Site U1429 and may 
represent localized variability in sedimentation.  
 The Southern Japanese Islands (SJI) and Kyushu Volcanics end-members, likely 
representing fluvial material from the Japanese Archipelago and Japanese volcanic 
material, respectively, contribute similar portions of the terrigenous fraction at both sites. 
At U1428, SJI ranges between 2% to 20% contribution, compared to 1% to 23% at Site 
U1429. Similarly, Kyushu Volcanics contributes 2% when present, similar to the 1 to 3 % 
at Site U1429. At the beginning of the record, SJI is at its maximum contribution (20%), 
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and decreases to local minima of 4% at approximately 28 kyr and 2% at 115 kyr separated 
by a local maximum of 13% at 70 kyr. The contribution of SJI remains approximately 10% 
for the remainder of the record. The Kyushu Volcanics end-member is only present from 
28 to 98 kyr and contributes 2% to the total terrigenous fraction. At Site U1428, SJI exhibits 
three localized peaks in accumulation rate, from the beginning of the record to 28 kyr (3 g 
cm- 2 kyr-1), 57 to 115 kyr (3.2 g cm- 2 kyr-1), and from 146 kyr to the end of the record 
(2.5 g cm- 2 kyr-1). The Kyushu Volcanics end-member reaches its maximum 
accumulation rate of 0.6 g cm- 2 kyr-1 at 46 kyr, before decreasing to 0.18 g cm- 2 kyr-1 
for the remainder of the record, but despite these small accumulation rates this end-member 
is required to constrain the enrichment in Ti/Al towards more mafic compositions through 
time.   
 Overall, the ranges of end-member contribution and mass accumulation rates are 
similar between the two sites over the last 250 kyr. However, the lower sample resolution 
of Site U1428 obscures some of the finer features exhibited at Site U1429. The record at 
Site U1428 ends at approximately the time of the second peak in total accumulation rate at 




Figure 2.S8. Terrigenous contribution of the five end-members produced by the 
provenance CLS multivariate models for site U1428. End-member contributions are 
plotted to sum to one-hundred percent, with each color representing the sum of each end-





Figure 2.S9. Mass accumulation rates (MAR) of the five end-members produced by the 
provenance CLS multivariate models for site U1428. Symbols represent individual sample 
values and solid lines indicate three-point moving averages of each end-member MAR. 











Table 2.S1 Chemical concentration data for Site U1428.  "mbsf" is "meters below 
seafloor".  "Wt. %" is "weight percent".  "ppm" is "parts per million".  Empty cells are for 

























Table 2.S2 Chemical concentration data for Site U1429.  "mbsf" is "meters below 
seafloor".  "Wt. %" is "weight percent".  "ppm" is "parts per million".  Empty cells are for 



















































CHAPTER 3: Eolian Delivery to Ulleung Basin, Korea (Japan Sea) During 
Development of the East Asian Monsoon Through the Last 12 MA 
Abstract 
We reconstruct the provenance of aluminosilicate sediment deposited in Ulleung 
Basin, Japan Sea, over the last 12 Ma at Site U1430 drilled during Integrated Ocean 
Drilling Program Expedition 346. Using multivariate partitioning techniques (Q-mode 
Factor Analysis, multiple linear regressions) applied to the major, trace, and rare earth 
element composition of the bulk sediment, we identify and quantify four aluminosilicate 
components (Taklimakan, Gobi, Chinese Loess, and Korean Peninsula), and model their 
mass accumulation rates. Each of these end-members, or materials from these regions, were 
present in the top performing models in all tests. Material from the Taklimakan Desert (50 
to 60% of aluminosilicate contribution) is the most abundant end-member through time, 
while Chinese Loess and Gobi Desert components increase in contribution and flux in the 
Plio-Pleistocene. A Korean Peninsula component is lowest in abundance when present, and 
its occurrence reflects the opening of the Tsushima Strait at ~3 Ma. Variation in dust source 
regions appears to track step-wise Asian aridification influenced by Cenozoic global 
cooling and periods of uplift of the Tibetan Plateau. During early stages of the evolution 
of the East Asian Monsoon, the Taklimakan Desert was the major source of dust to the 
Pacific. Continued uplift of the Tibetan Plateau may have influenced the increase in eolian 
supply from the Gobi Desert and Chinese Loess Plateau into the Pleistocene. Consistent 
with existing records from the Pacific Ocean, these observations of eolian fluxes provide 
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more detail and specificity regarding the evolution of different Asian source regions 




The landscape evolution of Asia has greatly influenced regional climate processes 
over the continent through the Cenozoic. Aridification of the Asian interior and the 
subsequent formation of the Asian Deserts was likely influenced by uplift of the Tibetan 
Plateau and the Himalaya (Raymo and Ruddiman, 1992; An et al., 2001; Wang et al., 2008; 
Tada et al., 2016). Asian aridification potentially began as early as the late Oligocene (28  
to 23 Ma) (Guo et al., 2002). The onset of the Asian Monsoon system may have occurred 
in the Late Oligocene to Early Miocene (26 to 23 Ma) (An et al., 2001; Tada et al., 2016) 
and possibly even in the Eocene (e.g. Licht et al., 2014). Additionally, global cooling 
events in the Middle Miocene (16 to 13 Ma) and Late Miocene (7.5 to 5.4 Ma) are likely 
to have influenced the jet stream path and intensity of the monsoon (Raymo and Ruddiman, 
1992; Zachos et al., 2001). Tectonics and global climate cooling likely worked in tandem 
to influence the regional monsoon system, as well as the creation and sustenance of interior 
Asian deserts. Understanding past variability in the East Asian Monsoon is of great 
importance to better predict potential changes to hydrologic and biogeochemical cycles 
due to climate change in one of the most densely populated regions on Earth. 
The present scientific consensus highlights variability in the intensity and position 
of the East Asian Monsoon system since its development. Key unknowns still remain, for 
example, regarding the precise latitudinal and intensity shifts of the Westerly Jet, Meiyu-
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Baiu associated storm fronts (Irino and Tada, 2000; Nagashima, et al., 2007; Molnar et al., 
2010; Chiang et al., 2015; Zhang et al., 2018), and the timing of increased dust flux periods 
(Rea et al., 1998; Ziegler et al., 2007; Zhang et al., 2016). Variation in source region, 
mobilization, and transport of dust under changing climate conditions may significantly 
influence biogeochemical cycling in the Japan Sea and North Pacific, and may have 
implications on radiative forcing in the future.  The loess, paleosol, and desert deposits of 
central Asia are mobilized via eolian and fluvial processes related to the intensity and path 
of the monsoon system and ultimately deposited in marine sediment, resulting in important 
terrigenous sediment archives in the surrounding Asian marginal seas.  
 We reconstruct the temporal variation over the past 12 Ma in the source and flux of 
the aluminosilicate terrigenous component(s) to the sediment in the Ulleung Basin at Site 
U1430 in the Japan Sea recovered during Integrated Ocean Drilling Program (IODP) 
Expedition 346.  These sediments reflect material transported by prevailing wind systems 
over the Asian continent (Irino and Tada, 2002; Nagashima et al., 2007), but also likely 
include volcanic ash (e.g., Scudder et al., 2016; 2018), and minimal fluvial material (Shen 
et al., 2017). To determine changes in terrigenous sources through time, we modeled an 
expansive geochemical compositional data set of bulk sediment chemical analyses using 
multivariate statistical techniques. With the model results, we identify probable end-
member components, quantify their fluxes, and discuss the linkages between these end-
members and variability in the East Asian Monsoon as driven by regional and global 
forcings. We untangle the sedimentary record to identify three sources from the Asian 
interior (Taklimakan, Gobi, and Chinese Loess Plateau), a fourth component consisting of 
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Korean Peninsula sourced-material, and determine their fluxes. Combined with previous 
studies from the North Pacific, we discuss large-scale, regional evolution of eolian material 
transported from the Asian interior to the ocean over the last 12 Ma.  
 
2. Site Setting, Sample Selection, and Stratigraphy 
The Japan Sea (Fig. 1; also known as the East Sea) is a semi-enclosed marginal sea 
connected to the East China Seas to the south, and the North Pacific Ocean and Okhotsk 
Sea to the north, via four shallow and narrow straits (Tsugaru, Tsushima, Soya, and 
Mamiya). This marginal sea consists of the deep Japan, Yamato, and Ulleung Basins. 
Tectonic rifting during the Late Oligocene to Early Miocene initiated the formation of the 
Japan Sea, a deep and wide marginal sea may have existed by ~20 Ma (Tada et al., 1994). 
Rapid subsidence formed the early Ulleung Basin during the Early Miocene, prior to the 
back-arc closing stages in Japan Sea formation in the Mid-Miocene (Yoon et al., 2014).  
Site U1430 is located in the Ulleung Basin at 37°54.16’N, 131°32.25’E and 1072 
meters water depth (Fig. 1). Under present conditions, the Ulleung Basin is influenced by 
the second branch of the Tsushima Warm Current as well as by its third branch that also 
forms the Subpolar Front. The relatively central location of this site provides an 
opportunity to reconstruct East Asian Monsoon influenced eolian provenance and flux with 
minimal terrigenous supply from the Korean Peninsula or the Japanese Archipelago itself 
(Shen et al., 2017).  
The sediment at Site U1430 is defined by three lithologic units (Tada et al., 2013). Unit 
III extends from the middle to upper Miocene (250 mbsf to 100 mbsf) and is divided into 
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three subunits. Subunit IIIC is composed of dark gray, glauconite-rich quartz/feldspar-
dominated sandstone and light gray glauconite-rich dolomite-dominated sandstone. 
Subunit IIIB contains dark gray siliceous silty clay and claystone. Subunit IIIA contains 
alternating layers of diatom ooze, clayey diatom ooze, and diatom-rich silty clay. The next 
shallower unit, lithologic Unit II, extends from the upper Miocene to upper Pliocene (100 
mbsf to 55 mbsf), and is marked by an increase in diatom content with decreasing age. This 
unit is divided into two subunits, transitioning from dark gray diatom ooze (IIB) to diatom-
bearing silty clays (IIA). The youngest, Unit I, extends from the upper Pliocene to 
Holocene (55 mbsf to 0 mbsf), and consists of clayey silt, silty clay, and nannofossil ooze, 
and diatom-rich silty clay. In this shallowly buried lithologic unit CaCO3 comprises up to 
~30 weight % (wt. %) of the sediment.  Alternating organic-rich, gray and organic-poor, 
greenish-gray silty clay intervals comprises Unit I, and a decrease in calcareous 
microfossils downhole divides this unit into Subunits IA and IB. Discrete tephra layers 
(volcanic ash, pumice) occur at higher frequency in the upper 50 m of the site, but volcanic 
material is a minor component to the sediment section as a whole (Tada et al., 2013).  
We integrate several age models for Site U1430 (Kamikuri et al., 2017; Kurokawa et 
al., 2018; Matsuzaki et al., 2018) that are of similar sampling resolution and cover the same 
age range as our study. We therefore use these models rather than, for example, a higher 
resolution age model for only the youngest 1 Ma (Tada et al., 2018). Matsuzaki et al. (2018) 
identified a hiatus between ~4 Ma and 7.3 Ma. Bulk accumulation rates (BAR, g/cm2/kyr) 
for individual samples were calculated from the dry bulk density and linear sedimentation 
rates. Dry Bulk Densities (DBD, g/cm3) were measured during the expedition (Tada et al., 
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2013), and linear sedimentation rates (LSR, cm/kyr) were determined from the integrated 
age model. Additional discussion about accumulation rate calculations can be found in the 
Supplemental Materials.   
 
3. Geochemical Analytical and Multivariate Statistical Methods 
3.1 Geochemical Methods 
A total of 80 bulk sediment samples from Site U1430 were used for this research. 
Twenty-three of these samples were collected at the time of drilling, are evenly spaced by 
depth, and consist of 5 cm-long whole round samples squeezed for shipboard porewater 
analyses. An additional 57 discrete samples were collected during shore-based sampling to 
fill temporal gaps due to variation in sedimentation rate determined after the conclusion of 
the expedition.  
Sample preparation and analysis was conducted in the Analytical Geochemistry 
Facility at Boston University. Homogenized representative subsamples were freeze-dried 
and hand powdered with an agate mortar and pestle for each discrete sample prior to 
digestion. Samples were dissolved using flux fusion and acid digestion and were analyzed 
for a total of 50 elements as described most recently by Anderson et al. (2018).  
Precision and accuracy are well constrained. Analytical batches included separate 
digestions of a homogenized, natural in-house sediment reference from Expedition 346 in 
triplicate. Analysis of replicates indicate that the data are precise within ~2% of the 
measured value for each element. Additionally, the international Standard Reference 
Material BHVO-2 was analyzed as an unknown within each analysis run, and compared to 
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the accepted element concentrations. Measured BHVO-2 concentrations were consistently 
accurate within precision for all elements (Ireland et al., 2014).  
3.2 Multivariate Statistical Methods 
To untangle the aluminosilicate fraction of these samples, a subset of seven elements 
were used in the multivariate statistical MATLABTM algorithms from Pisias et al. (2013) 
and Dunlea and Murray (2015) to directly target the composition of the aluminosilicate 
fraction(s) and avoid the chemical influence of any biogenic, oxide, or other non-
aluminosilicate components. These methods follow a multi-step statistical approach 
optimized for sediment geochemistry using Q-mode Factor Analysis (QFA) and 
Constrained Least Squares multiple linear regression (CLS). The implementation and 
interpretation of these techniques are guided by downhole profiles of elemental ratios and 
ternary plots to ensure the statistical results are consistent with the basic geochemical 
characteristics of the dataset. These statistical techniques have been used in a variety of 
marine settings by our research group and are discussed at length in Anderson et al. (2018) 
and references therein. 
QFA determines the minimum number of components necessary to explain a given 
fraction of total variance in a dataset by identifying groups, or “factors”, of co-varying 
elements (Pisias et al., 2013). Factors undergo a VARIMAX rotation to maintain 
orthogonal relationships while maximizing the variance explained by each factor. This 
approach is based on the assumptions that 1) each VARIMAX-rotated factor represents a 
unique sediment source, and 2) that the elements co-varying within each factor are basic 
indicators of that factor’s representation of a sediment source. The strength of element 
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covariance is indicated by high absolute values of the VARIMAX factor scores, and the 
importance of each factor in a given sample is the VARIMAX factor loading value.  This 
loading value indicates variation in the importance of a factor throughout the data set, 
which in our case means through a sedimentary sequence and thus through time. Only 
factors that explained greater than 2% of variance in the dataset were accepted to avoid the 
use of insignificant factors unconstrained by analytical precision. 
 Following the QFA, we use CLS methods to better define the number and general 
characteristics of bulk sediment factors identified from the QFA. The number of significant 
factors identified in QFA corresponds to the total number of end-members to be modeled 
in subsequent CLS iterations. We apply an iterative algorithm to create hundreds of 
thousands of CLS multiple linear regression models to identify and quantify the best fit 
proportion of each potential end-member in each discrete sample (Dunlea and Murray, 
2015). The CLS code calculates multi-dimensional mixing models to minimize the sum of 
the squared statistical residuals between a given model and the sample dataset, optimizes 
the proportions of each end-member in each sample, and tests all possible end-member 
combinations.  
  A collection of geologically reasonable source rock geochemical compositions, in 
the context of the Japan Sea, from a range of literature and reference materials, were 
compiled to serve as the potential end-member inputs that could ideally correspond to the 
resulting QFA defined factors. This collection was developed based on the QFA results as 
well as characterization from the literature of the paleoceanographic and geological system 
of the region. For this study, our end-member collection contains continental material from 
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different areas of the Asian interior, including the Mongolian Gobi Desert (Seir and Olzit 
Ranges), Chinese Gobi Desert (Gansu Province), Chinese Loess Plateau, Taklimakan 
Desert (Xinjiang Province, Tarim Basin), recycled Archean and Paleozoic crustal material, 
and volcanic material from the Japanese Arc. Specific end-members and modeling 
outcomes are discussed in Section 5.2. 
Multiple tests were conducted to check the statistical stability of the modeling and to 
ensure that the identification and composition of the factors were not overly sensitive to 
the statistical parameterizations, including minor changes in the chemical element menu. 
As will be described in later sections, we take an approach that groups together equally 
well–fit end-member outcomes to create compositional “families” to represent regionally 
sourced materials.  
4. Geochemical Trends 
In this section, we explore the geochemical trends through a first-order assessment of 
the bulk sediment using graphical partitioning techniques applied to geochemical 
compositions. In all subsequent geochemical explorations in this section, we use a 
collection of well-constrained crustal compositions as reference values. Geochemical 
compositions of post-Archean Australian Shale (PAAS; Taylor and McLennan, 1985), 
Upper Continental Crust (UCC; Taylor and McLennan, 1985), Mid Ocean Ridge Basalt 
(MORB; Gale et al., 2013) and Chinese Loess (CL; Jahn et al., 2001) are used as 
comparison compositions to help constrain the overall end-member geochemistry in terms 
of widely used representative compositions of general continental and oceanic crustal 
materials. Although these comparison values themselves are geochemically discrete, we 
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do not interpret compositional similarities of the bulk sediment to be these exactly these 
comparison materials. Additionally, we also do not interpret compositional similarities 
between these comparison materials to prescribe source region (e.g., Australian sourcing 
of PAAS), or define transport mechanism implied by the naming of the material (e.g., 
eolian transport of “Chinese Loess”, which could also be transported from terrestrial 
deposits in the Asian interior to the sea by rivers). 
Downhole geochemical profiles indicate that the aluminosilicate component of the bulk 
sediment at Site U1430 is a mixture of several sources throughout the ~12 Ma record. The 
downhole profiles indicate two age-constrained populations, splitting the data into 
Miocene and Plio-Pleistocene clusters (Fig. 2). Throughout the record the bulk sediment 
exhibits mixing between compositions broadly similar to the three continental crust 
comparison materials of PAAS, UCC, and CL. Plio-Pleistocene bulk sediment generally 
plots as CL-type (Th/Al, La/Al) and PAAS-type compositions (e.g. Ti/Al, Sc/Al, Rb/Al), 
punctuated with periods of the addition of a UCC-type material (e.g. Ti/Al, Sc/Al, Cr/Al). 
Miocene sediment records a complex mixing history, as some element ratios plot within a 
single comparison composition field such as PAAS (e.g., Sc/Al, Rb/Al,), or CL (e.g., 
Ti/Al), mixing between PAAS and CL (Cr/Al), or a mixture of all three (e.g., Th/Al, La/Al). 
The intricate mixing histories between these three representative comparison materials 
indicate complexity in the system outside of generalized two-component mixing through 
time.  Thus, additional partitioning techniques are required to describe the mixing in a more 
meaningful way.  
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 Patterns in ternary space also indicate mixing between a series of aluminosilicates 
(Fig. 3). In each ternary diagram, the Miocene and Plio-Pleistocene age populations exhibit 
differences in their trends along mixing lines. For example, Miocene aged samples trend 
toward Th and Sc in La-Th-Sc space, while Plio-Pleistocene samples tend toward Th and 
La, and Miocene-aged samples are offset from the typical felsic-mafic mixing line (e.g., 
UCC-MORB) observed world-wide in many sedimentary systems, but may reflect the 
presence of recycled older, more primitive crust(s). Other ternary combinations (e.g., Zr-Rb-
Cr, Zr-La-Cr) notably separate Plio-Pleistocene data into multiple clusters, which are also 
distinct from the Miocene samples (see Supplemental Material). In Zr-Sc-Cr space, Plio-
Pleistocene samples contain a higher proportion of Zr than Miocene samples, and cluster 
near CL, PAAS, Taklimakan, and Gobi material, while Miocene samples form an array 
between Korean Peninsula material more mafic compositions (when compared to MORB). 
Zr-Rb-Cr exhibits a “J-shape” mixing scheme, with Plio-Pleistocene data falling in two 
populations mixing between a cluster of CL, UCC, Taklimakan and Gobi materials and 
toward PAAS in compositional space. Miocene samples form a mixing arc between PAAS 
and MORB. The variety of arrays in these ternary diagrams also indicate multiple complex 
mixing relationships, yet also clearly identify that these two age populations require several 
dust compositions to capture variability in the dataset, and the importance of a more mafic 
end member. These results provide an important precursor to, and help constrain, the 




5. Provenance Assessment via Multivariate Statistics 
5.1 Q-mode Factor Analysis Results 
To target the aluminosilicate fraction of the sediment from Site U1430, we utilized 
a suite of seven elements. As a matter of principle, elements included in the suite must 
show high variability within the dataset to be useful discriminants, and must also be present 
in potential sources (i.e., measured values of the given element exist in the literature). The 
element menu included Al, Ti, Sc, Cr, Rb, Th, and La to avoid biogenic, oxide, and non-
aluminosilicate sediment sources and to also minimize the influence of redox processes on 
our models. This element suite has proved useful in other northwest Pacific studies to 
discriminate between terrigenous and volcanic sources (e.g. Ziegler et al., 2007; Scudder 
et al., 2009, 2014; Dunlea et al., 2015; Anderson et al., 2018), and our use of them here 
also facilitates comparison to these other relevant studies. Other refractory elements (e.g., 
Zr, Hf) did not contribute to the capture of the most variability in the dataset and thus are 
not included. For example, although Zr shows informative patterns in the relevant ternary 
diagrams, it was not included in the statistical treatments because it did not constrain 
variability and was not diagnostic during analysis of the dataset. Several iterations of the 
Q-mode factor analysis with this final element suite were conducted, namely with all 
samples from the record, age population tests (as Plio-Pleistocene and Miocene age 
populations before and after the hiatus), and sub-sampled throughout the record. These are 
discussed in the Supplemental Materials. 
The QFA of the complete dataset resulted in four factors that are required to 
describe 99% of the variability in the dataset (Fig. 4). Models with three factors described 
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less than 98% of the variability, and those with five factors resulted in a fifth factor that 
described an insignificant amount of variability (i.e., less than 2%) when the record was 
considered as a whole.  For the four factor model, Factor 1 emphasizes Al and Ti while 
explaining 60% of the variability. The second factor emphasizes Cr and explains 24% of 
the data variability. Factor 3 captures Sc and explains 9% of the variability while the final 
factor, Factor 4, groups Rb, Th, and La, and explains 6% of the variability in the dataset. 
Generally, all four factors are broadly similar, indicating the presence of aluminosilicates 
from several upper continental crust materials with slightly different compositions that mix 
and dominate the bulk sediment composition. To capture the full range of compositions, 
however, it is also clear that a more mafic component is required, an important outcome 
that is also seen in the ternary diagrams (Fig. 3).  
5.1 Constrained Least Squares Results 
The four factors identified in the QFA for the whole dataset were used to inform 
the subsequent CLS multiple linear regressions. We first identified an initial set of ~200 
potential end-members from the literature and the GEOROC database (http://georoc.mpch-
mainz.gwdg.de/georoc/). These potential end-members fit the broad geochemical 
requirements indicated by the QFA and are geographically consistent with the current 
understanding of atmospheric circulation and potential terrigenous material supply in the 
region. A full list of tested end-members and their compositions are included in 
Supplemental Materials. Then, using the iterative CLS codes of Dunlea and Murray (2015), 
approximately four million four-end-member combinations from the 200 potential end-
member list were modeled and ranked. We emphasized potential end-members of upper 
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continental material informed by (and including) the PAAS, UCC, and Chinese Upper 
Continental Crust comparison materials, as well as many specific Chinese loesses and 
regional averages from the Chinese Loess Plateau, Mongolian Gobi, Chinese Gobi, 
Taklimakan Desert, and Japanese and Korean Peninsula crustal components. Additionally, 
tested materials include mafic sources, such as (generic) MORB, andesites from the Asian 
interior, geographically possible Japanese regional averages, and temporally significant 
Japanese volcanic material (e.g., Aira, Aso, and other tephras).  Although successful CLS 
modeling depends on having well-characterized and appropriate input compositions and 
we cannot include sources that are not chemically established, we have at the very least 
included a wide applicable suite of likely representative sources. 
Goodness-of-fit parameters were recorded for each CLS model iteration, and the 
models that had the highest coefficients of determination throughout the elemental suite 
were identified. By using every possible combination of four end-members, we are able to 
statistically identify the combinations of potential sources that best fit the data and remove 
possible source selection bias. Model iterations resulted in several hundreds of best 
performing combinations. Of the top 500 models, the best were ranked based on their sum 
of coefficients of determination (i.e., of each element, being sure to not allow one element’s 
fit, if an outlier, to overly influence the importance of total).  
From the top 50 models, groups of similar end-members were considered as 
composite end-member families. In the top performing models, the end-members 
consistently included Taklimakan Desert, Chinese Loess, Gobi Desert, and Korean 
Peninsula materials. Each of these end-members, or materials from these regions, were 
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present in the top models in all tests, and thus were selected as being the best representation 
of the bulk sediment. We acknowledge sediments in these regions represent many different 
patterns in surficial weathering, local catchments, changing drainage basins and other 
factors, and materials from some basins may better represent average compositions from 
these regions as a whole. Care was taken to ensure that materials in models are as 
representative as possible of the possible source regions. Additional details can be found 
in the Supplemental Materials.   
5.1.1 Taklimakan Desert End-member 
Models with Taklimakan Desert materials in the end-member menu consistently produced 
model outcomes with the highest goodness-of-fit. This end-member is comprised of a 
collection of 17 granitic and plutonic materials from Xinjiang Province, China, including 
the Tarim and Junggar Basins (Supplemental Materials). The Taklimakan end-member 
exhibits variability in its contribution over the entire record at Site U1430 (Fig. 5). From 
approximately 12 Ma until 7 Ma, the Taklimakan end-member contributes between 28 to 
65 weight % of the relative aluminosilicate contribution, with notable decreases in 
contribution between 11.5 and 10 Ma, at 9 Ma, and at 8 Ma. The relative contribution of 
the Taklimakan component decreases in contribution from 4.5 Ma towards present, with 
local maxima/minima throughout the overall decrease.  
The Taklimakan component accumulation exhibits several periods of increased 
flux (Fig. 6). During the Miocene, the Taklimakan component reaches maximum 
accumulation rates of 1.0 to 1.4 g/cm2/kyr, occurring at 11.6 and 9.7 Ma respectively, 
before decreasing to 0.4 g/cm2/kyr by 7.3 Ma. The Taklimakan component flux decreases 
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to 0.13 g/cm2/kyr following the hiatus, before increasing to a local maximum of 0.4 
g/cm2/kyr by 1.1 Ma. By 0.6 Ma, the Taklimakan component increases again to 1.1 
g/cm2/kyr, and exhibits variable accumulation rates towards present.  
5.1.2 Gobi Desert End-Member 
A Gobi Desert end-member is also ubiquitous in all the best performing models. 
The Gobi Desert end-member consists of 33 broadly granitic materials sourced from Gansu 
Province, China, and the Mongolian interior (Supplemental Material). During the Miocene, 
the Gobi component contributes 35 to 70% of the aluminosilicate fraction, and decreases 
in contribution from 10 Ma to the hiatus at 7.3 Ma. Following the hiatus, the contribution 
of the Gobi end-member varies toward present, and reaches its maximum contribution at 
0.7 Ma as the dust component is mixed into a pumice layer and is coincident with a section 
of high sedimentation rate due to this ash fall.  During the Miocene, the Gobi component 
exhibits fluxes between 0.1 to 2.1 g/cm2/kyr, and decreases toward 7.3 Ma.  
 
5.1.3 Chinese Loess End-member 
The third component is represented by the composition of generic Chinese Loess 
established by Jahn et al. (2001). This component is low in contribution and flux during 
the Miocene, but increases in the Pleistocene. This end-member is often not present 
during the Miocene, except for at ~ 9.4 Ma and 8.3 Ma when brief pulses of CL reach 
~30% contribution. Chinese Loess increases in contribution following the hiatus from 4.5 
Ma toward the present. Contribution by the Chinese Loess end-member is highly variable 
in the Pleistocene, contributing between 4 to 75 % of the aluminosilicate fraction when 
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present. During the Pliocene, Chinese Loess contributes ~23 to 60% of aluminosilicates. 
The Chinese Loess accumulation rate ranges between 0.06 g/cm2/kyr and its maximum 
value of 1.9 g/cm2/kyr during the Pleistocene. During the Miocene, this component 
exhibits local maxima in accumulation rate of 0.6 g/cm2/kyr at ~9.4 Ma and 0.3 
g/cm2/kyr at 8.3 Ma. 
5.1.4 Korean Peninsula End-member 
The final end-member, a Korean Peninsula material composite, is necessary to 
best fit a model of the entire dataset despite its low contribution. This composite consists 
of a collection of 23 materials from the Korean Peninsula, including more mafic materials 
from the Okcheon Volcanic Belt and other volcanic fields, South Korean basalts, and 
andesitic basalts, and fulfills the geochemically prescribed mafic component mentioned 
earlier (Supplemental Materials). The contribution of the Korean Peninsula end-member 
increases toward the present, is small in contribution and presents low accumulation 
rates, but is unmistakably present during the Plio-Pleistocene. During the Miocene, this 
end member is not present. During the Plio-Pleistocene, the maximum accumulation rate 
fluctuates between 0.04 g/cm2/kyr (3 Ma) and a maximum of 0.5 g/cm2/kyr, which occurs 
at approximately 400 ka. 
 
6. Provenance History of the Ulleung Basin 
Global cooling, uplift and formation of the Himalaya and Tibetan Plateau, and 
evolution of the Japan Sea and its associated depositional basins may each in part 
contribute to variability in the composition and flux of the aluminosilicate components at 
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Site U1430.  Each of these mechanisms may impart feedbacks on the others, and may not 
be mutually exclusive influences on the creation, transport, and final deposition of eolian 
material to marine sediment archives. From this dataset alone, it is challenging to separate 
the influence of only one mechanism on the changes in dust provenance and flux, as climate 
and tectonic processes were likely operating in concert, although on different scales, 
throughout the last 12 Ma.  
Nonetheless, our data clearly indicates that four aluminosilicate sources contribute 
material to the bulk sediment at Site U1430. All four of these components are generally 
similar in geochemical composition, as three capture different aluminosilicate sources 
while one is relatively more mafic, but we reiterate that four distinct components are 
statistically required by the QFA and CLS approaches. These four components are 
Taklimakan Desert (28-65% of total aluminosilicates), Gobi Desert (35-75% of 
aluminosilicates), Chinese Loess (23-60% of aluminosilicates) and Korean Peninsula 
material (6-7 % of aluminosilicates).  
Of these four end-members, to reach the Ulleung Basin from the central Asian desert 
regions, eolian transport is the most probable mechanism for three of them (that is, 
Taklimakan, Gobi, and generic Chinese Loess). We reinforce, however, that our statistical 
methods themselves do not differentiate depositional pathway, as direct eolian deposition 
or, alternatively, as fluvial delivery (or remobilization from initial deposition elsewhere) 
of loess, volcanic material, or other aluminosilicates. We therefore emphasize that 
specifying a uniquely eolian pathway for those three end-members is an interpretation 
based (only) on the most likely transportation mechanism. We discuss ambiguities or 
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constraints in this interpretation where appropriate in the following discussions, and 
suggest that further study in this region could address potential differences in transport 
processes.  
6.1 Miocene Provenance 
During the late Miocene, our models suggest that the majority of aluminosilicates at 
Site U1430 were sourced from the Taklimakan, but were punctuated by few periods of 
increased contribution and flux from other sources. From the beginning of the record at 
~12 Ma, the Taklimakan and Gobi Deserts together supplied ~50-60% of aluminosilicates 
during the Miocene. The formation of the Taklimakan Desert may have initiated in the late 
Oligocene, and continued to expand and form dust as mountain building events and global 
cooling continued (An et al., 2001; Zheng et al., 2015). The start of the Site U1430 record 
is coincident with a period when Tibetan Uplift and global cooling likely worked in tandem 
increasing aridification in central Asia at ~11.8 Ma (Shen et al., 2017). Assuming an eolian 
transport of this Taklimakan and Gobi material, the presence of Taklimakan material is 
consistent with terrestrial Chinese Loess Plateau provenance studies that have indicated 
that the Taklimakan has been a major dust source to the plateau since the Late Miocene 
(Sun, 2002; Ma et al., 2015), and to the sediment of the Japan Sea into the Quaternary 
(Irino and Tada, 2002; Nagashima et al., 2007). Other stony desert regions may have served 
as potential short-term reservoirs for Taklimakan material as dusts were transported step-
wise from the western extent of the Asian interior out to sea (Sun, 2002). 
The first, albeit relatively short-lived, provenance shifts at Site U1430 occurred at ~8 
and 9 Ma. Increases in the Chinese Loess contribution occur during a time when the total 
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aluminosilicate flux is still relatively high (1.3 to 2.0 g/cm2/kyr), but steadily decreasing 
toward the Pliocene. This increase in Chinese Loess is coincident with a period of rapid 
drying seen in higher resolution records in the region at ~8 Ma, which has been attributed 
to older uplift events of the Tibetan Plateau (Wang et al., 2005; Shen et al., 2017), or solely 
by global cooling and strengthening of the East Asian Winter Monsoon (Zhang et al., 
2018). Thus, our data clearly indicate that the change(s) in the composition of the inferred 
eolian mixture(s) is coincident with change(s) in their flux, and indicates that the generation 
and transport of eolian material is highly dynamic, and does not solely represent a 
geographic change in source nor a simple change in regional aridity alone. 
6.2 Plio-Pleistocene Provenance 
The transition from the Miocene into the Plio-Pleistocene marks the most significant 
provenance shift at Site U1430. Throughout most of the Miocene portion of the record, the 
Taklimakan component contributed 50 to 60% of all aluminosilicates while decreasing in 
MAR from 1.8 g/cm2/kyr to 0.4 g/cm2/kyr toward the Pliocene. The Taklimakan 
component continued to decrease in contribution (between 4 and 35%) and MAR (between 
0.05 g/cm2/kyr and 1 g/cm2/kyr when present) for the remainder of the Plio-Pleistocene. 
Following the hiatus, Chinese Loess and Gobi materials increasingly contribute material, 
collectively contributing 80-90% of the total aluminosilicate load, resulting in 1.8 
g/cm2/kyr MAR of Chinese Loess and 1.6 g/cm2/kyr MAR of Gobi in the Pleistocene. This 
increase is strongly coincident with an increase in the illite/smectite ratio at Site U1430 
(Shen et al., 2017), previously interpreted as the intensification of Asian aridification. The 
increase in aridification as well as the increase in the supply of Chinese Loess and Gobi 
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materials, suggests a link to the continued aridification of Asia, despite the relative 
warming during the Pliocene.  
By 3.4 Ma, Chinese Loess contributed one half of the absolute amount of 
aluminosilicate flux, but this occurred during a period of relatively low overall total 
aluminosilicate flux. During this time, Chinese Loess reached a maximum flux of 0.18 
g/cm2/kyr, out of a total flux of 0.5 g/cm2/kyr, and increased in contribution to 65% of total 
aluminosilicate flux by 2 Ma. At this time the Gobi component was relatively small, before 
a large increase in contribution and flux from ~1.5 Ma to its maximum at 0.7 Ma. The 
increase of the Gobi component occurs during a period in which the total aluminosilicate 
flux is increasing rapidly from a minimum of 0.25 g/cm2/kyr in the Pliocene to increasingly 
large (2.0 to 3.1 g/cm2/kyr), but variable accumulation rates persist through the Pleistocene. 
The increase in Gobi materials at this time may be attributed to increased drying in the 
Mongolian steppe region often attributed to enhanced global cooling, as well as increased 
climate variability and instability in the Quaternary (Shen et al., 2017; Yan et al., 2017). 
In addition to the inferred dust components in this record, consistent flux of Korean 
Peninsula material emerged at approximately 3 Ma. The low flux and appearance of the 
Korean Peninsula component may be linked to the opening of the Tsushima Strait at ~3 
Ma (Gallagher et al., 2015). At present the Tsushima current branches into several currents 
that flow northward along the Korean Peninsula and Japanese Archipelago on either side 
of the Japan Sea (Fig.1). As the Tsushima Strait opened, the establishment of the Tsushima 
current may have served as a mechanism for relatively locally-derived fluvial material 
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transported from the Korean Peninsula and hindered the contribution of fluvial Japan-
derived materials into the Ulleung Basin. 
 
7. Asian Dust Supply to the Pacific 
The provenance and flux trends seen at Site U1430 broadly agree with records 
elsewhere in the North Pacific region, and also provide additional insight into the late 
Cenozoic evolution of dust inputs from Asia. For example, the record of total dust flux 
(calculated as the sum of Taklimakan, Gobi and Chinese Loess accumulations rates) at Site 
U1430 reaches maximum values of 2 to 3 g/cm2/kyr during the Miocene and Pleistocene, 
respectively (Fig. 8). These fluxes are consistent with those reported in the region during 
glacial periods (Nagashima et al., 2007) and also fit well into the regional/global 
understanding of relative dust flux as a function of distance from source. For example, as 
noted by Zhang et al. (2016), the total flux of dust in the Pacific decreases exponentially 
with distance from the source regions in central Asia (Fig. 7). When the maximum fluxes 
from Site U1430 are considered, the Quaternary fluxes of ~3000 mg/cm2/kyr are aligned 
with predicted values estimated by Zhang et al. (2016) and the eastward decrease in total 
flux across the Pacific. Zhang et al. (2016) also note that in distal systems, the Taklimakan 
Desert is a likely source, as fine grained material is entrained into the Westerly Jet and 
transported long distances aloft. Our work here further supports that during the early stages 
of evolution of the East Asian Monsoon, the bulk of the dust supply is derived from the 
Taklimakan Desert, and it is this source that is providing dust to the rest of the Pacific 
archives as well, as a general signal of central Asian aridification. 
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 Being able to differentiate exactly which geographic sub-region of the broadly 
referenced “Asia” is supplying dust is important, because it allows more precise 
determination of the location of the westerly jet as well as, perhaps, an improved 
understanding of the hydrology of the Asian interior. Our record is consistent with records 
of increased Plio-Pleistocene dust flux due to aridification in the distal Pacific, as discussed 
by Kyte et al. (1993), Rea (1994), and Rea et al. (1998). In the last 4 Ma, distal Pacific 
records exhibit increased dust flux at ~3 to 4 Ma; Site U1430 has a younger large increase 
in total dust flux around 2 Ma (Fig. 8). The low dust flux in the late Pliocene may be 
attributed to possible localized winnowing effects, or sediment remobilization during sea 
level lowstands specific to this site during this time, as there is a hiatus from 4.1 to 7.3 Ma 
and similar hiatuses are not seen at other sites from Expedition 346 (Kurokawa et al., 2018). 
Following the hiatus at Site U1430, Pliocene total dust flux is low (~0.25 to 0.75 
g/cm2/kyr), before increasing to 3.1 g/cm2/kyr in the Pleistocene during a time of global 
cooling and drying (Shen et al., 2017). During the Miocene, both LL44-GPC3 (Kyte et al., 
1993) and ODP Sites 885/886 (Rea et al., 1998) exhibit lower eolian fluxes of an undefined 
generic fine grained continental material, whereas we are able to tease apart discrete source 
regions such as the Taklimakan and Gobi Deserts. Site U1430 total dust fluxes decrease 
during the Miocene from ~3g/cm2/kyr to 1 g/cm2/kyr before the hiatus, despite exhibiting 
earlier increased flux in the Miocene than other records in the Pacific. This difference in 
the onset of total aluminosilicate flux may be tied to localized sediment remobilization in 
this marginal sea. Notably, the period of decreased flux at Site 885/886 during the Miocene 
to Pliocene transition coincides with the hiatus seen at Site U1430 in the Japan Sea.  
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8. Summary and Conclusions 
In this study we analyzed major, trace, and rare earth elements in 80 bulk sediment 
samples from IODP Site U1430 in the Ulleung Basin, in the Japan Sea. We applied 
multivariate partitioning analyses to identify and quantify four aluminosilicate sediment 
source components in these sediments. Our results indicate that Taklimakan and Gobi 
Deserts, Chinese Loess, and Korean Peninsula components comprise the significant end-
members contributing material to the Ulleung Basin. Stepwise aridification of the Asian 
continent driven by Cenozoic global cooling and by periodic uplift of the Tibetan Plateau 
influenced the source regions and eolian fluxes to Site U1430. The Taklimakan Desert was 
the likely dust source to the Pacific during the early stages of East Asian Monsoon 
development. Continued uplift of the Tibetan plateau in the Pliocene may have influenced 
continued aridification and therefore increased flux from the Gobi Desert and Chinese 
Loess Plateau into the Pleistocene, while the opening of the Tsushima Strait influenced 
paleoceanographic currents to capture Korean Peninsula material in the Ulleung Basin 
since ~3 Ma.    
By utilizing this multi-proxy approach, it is possible to elucidate discrete dust sources 
from Asia. Through the combination of geochemistry and multivariate statistics, it is 
possible to differentiate the most probable dust sources to previously published North 
Pacific dust records (e.g., Hovan et al., 1991; Rea et al., 1998; Ziegler et al., 2007) to aid 
interpretation of regional scale aridification and global scale cooling. With continued 
progress in determination of eolian provenance, we can also improve reconstructions and 
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interpretations of continental margin deposits over shorter time frames (e.g. Anderson et 
al., 2018). 
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Figure 3.1. A. Spring and summer atmospheric circulation and monsoon related rainband 
(clouds). The enlarged map indicates the locations of the Taklimakan and Gobi Deserts. 
The dashed line represents the limit of the modern summer monsoon. Adapted from 
Nagashima et al. (2013). 
 B. Bathymetric map of sites from IODP Expedition 346 (red circles), DSDP/ODP sites 
(white circles), and modern surface currents (red arrows). This study focuses on Site U1430 






Figure 3.2. Element ratio (g/g and μg/g) age profiles. Comparison values (vertical lines) 
indicate average values from upper continental crust (UCC), Chinese Loess (CL), and post-
Archean Australian average shale (PAAS) (Taylor and McLennan, 1985; Jahn et al., 2001). 
Ratios are presented as discrete samples (open circles) and a three point moving average 
of the data (solid line). The arrow pointing to the right in the Cr/Al profile indicates a data 








Figure 3.3. Bulk sediment samples plotted on ternary diagrams with end-member 
compositions. La-Th-Sc diagram indicates an offset in the bulk sediment from mixing 
between mafic and felsic end-members. Zr-Sc-Cr has three population clusters, with Plio-





Figure 3.4. VARIMAX-rotated factor scores from QFA statistical analyses. Factors 1, 2, 
3, and 4 from QFA statistical analysis are indicative of aluminosilicate provenance. The 
variability of the data set explained by each factor is shown in each factor plot. 
Cumulatively, these four factors explain 99% of the variability of the dataset. VARIMAX-
rotated factor scores for each element are represented by the absolute height of each bar 
within each factor. The larger the bar (either positive or negative), the stronger the elements 





Figure 3.5. Aluminosilicate contribution (wt. % of aluminosilicate inventory) at Site 
U1430 through time. The end-member contributions are plotted as the total sum, with each 
color representing the sum of the specific end-member plus the end-members to the left. 
The shaded region denotes a hiatus, and the following box notes a period in which we did 
not over interpret our data to fill the temporal gap between the end of the hiatus and the 







Figure 3.6. Aluminosilicate mass accumulation rates (MAR) of the four end-members 
identified by CLS models of aluminosilicate sediment provenance (Taklimakan, dark blue; 
Chinese Loess, yellow; Gobi, light blue; Korean Peninsula, red). End-member MARs are 
plotted as three-point moving averages (lines) and discrete sample accumulation rates 




Figure 3.7. Eolian fluxes in the North Pacific versus distance from Asia (as degrees 
longitude) in the Quaternary. Site U1430 (this study) is denoted by the red star. Adapted 






Figure 3.8. Eolian fluxes to the North Pacific through time. Dust accumulation rates from 
Site U1430 (top axis; blue line denotes a 3pt-moving average, discrete samples by open 
circles; this study), Site 885/886 (bottom axis; double gold line; Rea et al., 1998) and 
LL44-GPC3 (bottom axis; gray line; Kyte et al., 1993) are plotted to compare trends in 





Supporting Information for “Eolian delivery to Ulleung Basin, Korea (Japan Sea) during 
development of the East Asian Monsoon through the last 12 Ma” 
 
3.S1. Age Model, Linear Sedimentation Rate, Dry Bulk Density and Accumulation 
Rates 
 
 The age model for Site U1430 is based on shipboard and shore-based 
micropaleontology and paleomagnetostratigraphy (Kamikuri et al., 2017, Kurokawa et al., 
2018; Matsuzaki et al., 2018). Dry bulk densities (DBD, g/cm3) were interpolated from 
shipboard measurements from Tada et al. (2013). Linear sedimentation rates (LSR, cm/kyr) 
were determined from the integrated age model. Bulk accumulation rates (BAR, g/cm2/kyr) 
were calculated from dry bulk density and linear sedimentation rates for each discrete 




Figure S3.1. Dry bulk density (DBD, g/cm3), linear sedimentation rate (cm/kyr) and bulk 
accumulation rates (BAR, g/cm2/kyr) plotted with age (Ma). Shaded region denotes a 
hiatus (see main text). Discrete samples are represented as open circles, and a solid line 






3.S2. Geochemical Trends 
 
In addition to the ternary diagrams presented in the main text, other ternary 
diagrams record notable patterns at Site U1430 (Figure 3.S2).  
 
Figure S3.2. Bulk sediment samples plotted on ternary diagrams with end-member 
compositions. Left: Zr-Rb-Cr exhibits a “J-shape” mixing scheme, with Plio-Pleistocene 
data falling in two populations mixing between a cluster of CL, UCC, Taklimakan, and 
Gobi materials and toward PAAS. Miocene samples form a mixing arc between PAAS and 
MORB. Right: In Zr-La-Cr space, Plio-Pleistocene samples contain a higher relative 
proportion of Zr than Miocene samples, and cluster between CL, PAAS, Taklimakan, and 
Gobi material, while Miocene samples form an array between Korean Peninsula material 





3.S3. Provenance Determination: QFA 
 
To determine provenance, we use Q-mode Factor Analysis (QFA) (e.g., Pisias et 
al., 2013; Dunlea and Murray, 2015; Scudder et al., 2016; Anderson et al., 2018, and 
references therein) to quantify the minimum number of compositional factors and explain 
the maximum variability of the dataset. Each sample is assumed to be the result of mixing 
between the specific factors that explain the range of variability, and each factor is 
interpreted to be a representation of the sediment source. The statistical techniques used in 
the provenance modeling are available as MATLABTM scripts in Pisias et al. (2013) and 
Dunlea and Murray (2015). 
 
Broad QFA analyses were first conducted using an expanded element suite to 
characterize the entirety of the bulk sediment, including biogenic components and 
aluminosilicates. These general QFA analyses were completed using additional major and 
trace elements (Si, Al, Ti, Ca, P, Sc, Cr, Rb, Sr, Nb, Th, and La) specifically designed to 
capture the lithologic variation (e.g., Ca and Sr to capture biogenic carbonate). In these 
tests, four factors explain 99% of the total variability (Figure S3). In the first and fourth 
factors, Al, Ti and Sc cluster, and Sc, Cr, Nb, Th, and La cluster, respectively. Together 
these two factors capture the aluminosilicate fraction that is the focus of this paper. In the 
second factor, Ca and Sr cluster and capture calcium carbonate.  Si and Cr co-vary and 
suggest biogenic opal in the third factor. We conducted additional QFA analysis with Fe 
and Mn to test for the potential presence of oxides, and they were not a significant 
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component. The results of this broad QFA are consistent with the lithostratigraphy (Tada 
et al., 2013) and reaffirm our confidence that these statistical approaches are appropriate 
for this setting.   
 
When focusing on provenance of aluminosilicate materials, previous research 
(Scudder et al., 2009, Dunlea et al., 2015, Anderson et al., 2018) has generally used a base 
element menu including Al, Ti, Sc, Cr, Rb, Nb, Th, La, and other classical “terrigenous 
associated” elements.  Sequential QFA analyses were conducted removing one element at 
a time from this element menu. With each new analysis, the co-varying elements and the 
fraction (percent) of data variability explained by each factor were compared between all 
runs. This ensures that the final factors are robust with the full element menu, downsized 
to the seven element menu. To best constrain the aluminosilicate fraction of the bulk 
sediment in this study, a specifically focused element suite was used to target only the 
aluminosilicates and to differentiate various aluminosilicates from each other. As described 
in the main text, the final aluminosilicate element menu used includes Al, Ti, Sc, Cr, Rb, 
Th, and La. Multiple iterations of QFA were conducted to ensure that all factors are 
statistically robust. Our aluminosilicate-targeted QFA, as discussed in the main text, 
explained 99% of the variability of the dataset.   
 
Additional QFA of the Plio-Pleistocene and Miocene subsets of data resulted in 
four and three factors, respectively (Figure S4). The four Plio-Pleistocene factors describe 
99% of variability in the dataset, as Factor 1 captures Al and Ti (56% of variability), both 
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Factor 2 (4% of variability) and Factor 3 (23% of variability) capture Sc and Cr, and Factor 
4 captures Rb, Th, and La (16% of variability). The three Miocene factors describe 98% of 
the variability in the dataset, as Factor 1 captures Al and Ti (38% of variability), Factor 2 
captures Cr (48% of variability) and Factor 3 captures La (12% of variability). Each set of 
factors for the Plio-Pleistocene and Miocene subset populations broadly agree with the 
QFA results of the dataset as a whole. 
 
Figure 3.S3. VARIMAX-rotated factor scores from an expanded element suite for broad 
QFA characterization. The height of each bar indicates the VARIMAX-rotated factor score 
of each element in each factor. The absolute height of the bar indicates the strength of the 
covariance of the elements within the factor. Elements in these QFA statistical analyses 
were selected to test the fidelity of the statistical methods with general lithostratigraphy of 
biogenic components (CaCO3, Factor 2; Biogenic opal, Factor 3) in addition to the 




Figure 3.S4. VARIMAX-rotated factor scores from age population QFA characterizations 
before (Miocene, red histograms) and after (Plio-Pleistocene, blue histograms) the hiatus. 
The height of each bar indicates the VARIMAX-rotated factor score of each element in 
each factor. The absolute height of the bar indicates the strength of the covariance of the 
elements within the factor. Each age population was tested individually to test the fidelity 
of the QFA analysis of the entire dataset to capture the variability of the data before and 








S3.4. Provenance Determination: CLS and Best-fit Models 
 Following the QFA, we use Constrained Least Squares (CLS) multiple linear 
regression techniques to test possible combinations of end-members. Building on the CLS 
codes from Pisias et al. (2013), the iterative CLS code from Dunlea and Murray (2015) 
removes the tedious, labor-intensive process of manually identifying the best-fit end-
members. CLS creates multi-dimensional mixing models that calculate the optimal 
proportion of each end-member while minimizing the sum of the square statistical residuals 
between the model and sample dataset. Additional discussion of QFA, CLS, and the 
general model selection process are discussed at length in Anderson et al. (2018). 
 
 Potential end-members were geographically constrained during queries in the 
GeoROC geochemical database (http://georoc.mpch-mainz.gwdg.de/georoc/) to select the 
most probable samples from GeoROC’s collection of 18+ million data points. Materials 
included in this geographic search capture the main regions of Asia, including the major 
deserts in China and Mongolia, Himalaya and Tibetan Plateau crusts, a variety of loess 
values from the Chinese Loess Plateau, crust and volcanic material from Japan, crust and 
volcanic material from the Korean Peninsula, as well as generic reference materials such 
as Upper Continental Crust (UCC; Taylor and McLennan, 1985), Chinese Loess (CL; 
Taylor et al., 1983), and Mid-Ocean Ridge Basalt (MORB; Gale et al., 2013). Extreme 
outliers were removed, and data was grouped by geographic region and type and then 
averaged (e.g., loess sequences, Chinese provinces, specific Japanese Islands, volcanic 
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material from specific Japanese volcanoes, Korean orogenic belts), resulting in 200+ end-
members to test. 
 
 During iterative CLS tests, the potential end-member list was condensed as end-
members not in the 1000 best performing models were removed from additional testing. 
High-performing end-members of similar composition (e.g. Chinese loess values of similar 
geochemical composition) and/or of geographic proximity were grouped when possible 
(e.g., crustal samples of a given Chinese province). The best performing models were 
determined by the sum of all element coefficients of determination, to maximize the 
goodness of fit for each element within the CLS model itself. This approach maintains the 
patterns common in the top performing models as an additional check when selecting the 
best model, even if differences between individual models of the overall goodness of fit is 
statistically insignificant. We identified 20 best-fit models from the top 500 models based 
on their sum of coefficients.  
 
Geochemical values for all components were sourced from the GeoROC database 
and averaged for regional and geological composition (Figure S5). In CLS tests, formation 
and basin specific averages were tested, and subsequently combined as geochemical and 
regional “families” of possible end-members that appeared in similar frequencies in top 
preforming models. Overall there are meaningful differences between sources, but similar 
compositional envelopes between sources in single element space reiterates the need for 
multi element approaches and statistics to tease apart the overlap between aluminosilicates. 
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 Three of the top performing end-members were calculated from published data 
collated and presented in GeoROC. The Taklimakan desert materials are sourced from the 
Xinjiang Province, China. This end-member includes 17 plutonic and granitic samples 
from the Junggar and Tarim basins. The Gobi Desert materials include 33 samples from 
the Gobi and Mongolian steppe. Samples included in this end-member are many granite 
formations, peralkaline granites, and dolerites representing the stony desert. The Korean 
Peninsula end-member includes 23 basalts, andesites, and volcanic belts throughout South 
Korea. Korean samples were constrained as best as possible to the eastern portion of the 
peninsula to possibly capture erosion and fluvial transport of volcanic materials into the 
western Japan Sea near Ulleung Basin. Additional Korean volcanic belts, granitic samples 
and regional averages did not appear in the best performing models. 
 
 Within the best performing models, careful consideration was made of patterns of 
end-member contributions. Taklimakan materials appeared consistently as the first end-
member, Gobi Desert materials as the second end-member, and Chinese Loess values also 
appeared in most top performing models. We did, however, have two best-fit models that 
differed in the final end-member, as a primitive, depleted crust, or, alternatively, Korean 
Peninsula materials. Both geochemically constrain the dataset at Site U1430, but a 
primitive crust is not geologically probable at this location and given the proximity of 
Korea, we interpret this source as being the one from the Korean Peninsula.   
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Figure S3.5. Element concentrations for each end-member as interquartile range (box), 
median (X), and outliers (circles) removed from final compositional averages. End-
members may overlap in concentration range in one element, while covering different 
concentration ranges in other elements. The slight differences in element specific 
concentration ranges adds credence to multi-element and statistical approaches to 








Table 3.S1: Chemical concentration data for Site U1430.  "mbsf" is "meters below 
seafloor".  "Wt. %" is "weight percent".  "ppm" is "parts per million".  Empty cells are for 


















































Table 3.S2: End-Member compositions tested in Constrained Least Squares (CLS) 
models. End-member chemical composition in weight percent (wt. %) and parts per 
million (ppm).  Data are over-specified for calculation purposes. Data from specific 
literature sources are referenced in the final column. Data averaged from a collection of 
























CHAPTER 4: Refined values of element concentrations and uncertainty for 
standard reference material BHVO-2 
Abstract 
We present new reference and uncertainty values for 50 major, trace, and rare earth 
elements for BHVO-2, a widely used Standard Reference Material (SRM) of Hawaiian 
Basalt from the United States Geological Survey (USGS). These new reference and 
uncertainty values are based on (a) an assessment of the original certified and informational 
results presented by the USGS, (b) a recent compilation in the literature of results from the 
GeoReM database, and (c) results we generated from many high-precision ICP-ES and 
ICP-MS analyses (depending on element, up to ~130) which treated BHVO-2 as an 
unknown, conducted over seven years at Boston University (BU). For several elements the 
BU results improve upon the previously reported data. For most elements, the analyses 
from BU increase the number of reported measurements, often increasing two to three 
times, and up to six times the number of previously reported values. Collectively, 
integrating these three independent data sets, each with its own strengths and weaknesses, 
yields a robust determination of the composition of BHVO-2. All sets of data are reported, 
along with refined reference and uncertainty values, to provide the community an 
unparalleled characterization of this important SRM for calibration or determination of 




1. 1. Introduction 
The use of Standard Reference Materials (SRMs) to assess the accuracy and the 
reproducibility of geochemical data is essential to determine the elemental and isotopic 
abundances in geologic, oceanographic, and environmental samples (e.g., National 
Research Council, 2002). Depending on the analytical strategy, these SRMs potentially 
provide a means to assess the viability of different analytical approaches and techniques, 
provide a suite of materials to be used for analytical calibration, and assess the precision 
and accuracy of the data that are produced. Thus, it is imperative that the agreed upon 
values of a given SRM are as well constrained as possible.  
Initially, the original producer of each geochemical SRM (e.g., United States 
Geological Survey, Natural Resource Council of Canada, Geological Survey of Japan, as 
well as others) provides their best quantification of the composition of the SRM following 
their established protocols. Commonly referred to as the “certificate values”, these initial 
values are often improved upon by external users of the SRM, and/or additional data for 
elements not included at first in the original certificate are determined by the external 
community. Often, through many years, great analytical care is taken to revise the accepted 
values and determine new “reference” and uncertainty values for a given SRM as it is 
continually used for geochemical analyses globally. As such, data repositories (e.g., 
GeoReM) collate published analyses of an SRM, and recalculate elemental abundances 
across laboratories, scientists, and years.   
Here we present major-, trace- and rare earth element data for Basalt, Hawaiian 
Volcanic Observatory (BHVO-2), a frequently used SRM derived from a Hawaiian basalt 
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(Wilson, 1997; Plumlee, 1998) and provided by the U.S. Geological Survey (USGS). This 
SRM was gathered from surface pahoehoe lava in Halemaumau crater in 1995, and 
elemental compositions were analyzed by 20 different international labs to determine the 
initial certificate and uncertainty values.  
In our laboratory at Boston University (BU), as part of the research projects of several 
graduate students and other colleagues from 2012 to 2018, BHVO-2 was analyzed as an 
independent quality control item up to ~130 times, and using several preparations (e.g., 
digestion) and analytical techniques (ICP-emission spectrometry and ICP-mass 
spectrometry). As detailed here, we calibrated our measurements against other well-
constrained geological SRMs and used published (and common) analytical approaches 
throughout the multitude of projects. Based on this extensive repeated data set, and in 
concert with values provided by the original certificate (e.g., Wilson, 1997; Plumlee, 1998) 
and the extensive additional data for BHVO-2 found in GeoReM (http://georem.mpch‐
mainz.gwdg.de; Jochum et al., 2015, and references therein), we here provide a robust 
newly determined set of compiled preferred reference and uncertainty values for BHVO-
2. The collected outcome in some cases improves upon the original certified values and in 
other cases provides data on previously unconstrained elements. These pooled reference 
and uncertainty values provide the community an unparalleled characterization of this 





2. Methods: New Analyses from Boston University 
A discussion of the original certificate values (Wilson, 1997; Plumlee, 1998) and the 
GeoReM values (Jochum et al., 2015) is in Section 3.  Here we report on the methods and 
procedures used in the many repeated measurements of BHVO-2 at BU over a period of 
seven years.  
All newly analyzed data presented here were collected between 2012 and 2018 and 
represent preparations and/or analyses conducted by twelve individuals in the Analytical 
Geochemistry Facility at BU. The data included here were generated by several of the co-
authors of this paper and their undergraduate laboratory assistants as part of dissertation 
research. General descriptions of the methods are discussed in the appropriate publications 
(e.g., Scudder et al., 2014; Dunlea et al., 2015; Anderson et al., 2018), but are presented 
here in greater detail than elsewhere. Occasional slight variations in exact methods (e.g., 
initial sample mass) exist between each published dataset to take into account variability 
in the nature of the unknown sediment composition(s) particular to each study, but these 
variations are slight and not germane. Typical sample preparation and the procedures for 
flux fusion and acid digestion analyses followed the protocols presented here. 
 
2.1 Sample Acquisition 
Dried and powdered reference material BHVO-2 was purchased from the USGS, and 
stored in glass desiccators in the climate-controlled trace-metal clean lab at BU until sub-




2.2 Reagents and Other Materials 
Concentrated, analytical grade (certified ACS plus) nitric (HNO3) and hydrochloric 
(HCl) acids were purchased from Fisher Scientific. These acids were cleaned further by 
distillation in a sub-boiling quartz still in the Class 100 (ISO 5) clean lab at BU, followed 
by two distillation steps in sub-boiling Teflon stills. Reagent ACS grade hydrofluoric acid 
(HF) was also purchased from Fisher Scientific and was double-distilled in sub-boiling 
Teflon stills. Optima® grade hydrogen peroxide (H2O2) was purchased from Fisher 
Scientific and was not purified any further. High-purity water from a Millipore Milli-Q 
system (resistivity > 18.2 M/cm) was used for rinsing labware and for acid dilutions. 
Savillex PFA Teflon beakers (15 mL) and were cleaned thoroughly before use in 8 M 
HNO3. HDPE bottles (60 mL), syringes, and syringe filters (Millipore 0.45 m PVDF, 
SLHV13NL) were all purchased from Fisher Scientific. Commercially available 
Puratronic® lithium metaborate flux powder (LiBO2, 99.997% pure) was purchased from 
Alfa Aesar.  High-purity 8 mL graphite crucibles were purchased from Spex Certiprep 
(Catalogue #: 7152HP). 
2.3 Flux Fusion Digestion (for analysis of major and trace elements by ICP-ES) 
Flux fusion is an excellent and long-standing method to ensure complete digestion of a 
wide variety of sample types, is relatively quick, and does not involve the use of potentially 
dangerous HF (e.g., Potts, 1995). However, due to the use of the LiBO2 flux, this technique 
is hampered by a high amount of total dissolved solids (TDS), which can lead to 
significantly increased analytical blank and issues with sample introduction (e.g., 
nebulization) in the analytical instrumentation. Use of such flux also precludes analysis of 
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Li and B in the analyte and, indeed, all flux preparations are conducted in a separate small 
lab completely isolated from the clean lab used for acid digestions. Our laboratory typically 
performs flux fusion digestions to determine the concentrations of major elements and 
certain higher abundance trace elements (Table 2). 
For all flux analyses, 8 mL high-purity graphite crucibles were gently wiped with a 
fresh Kimwipe® to remove any residue, and loose graphite was removed with canned 
compressed air. For each sample or standard (e.g., including BHVO-2), 400 ± 0.5 mg of 
lithium metaborate flux powder was weighed into a crucible. A clean plastic toothpick 
(used only once for each item) was used to create a center “well” in the flux compound in 
the crucible. This was found to be an important step to facilitate good mixing of flux and 
sample. To achieve the ideal flux:sample ratio of 4:1, 100 ± 0.5 mg of sample powder was 
added to the well and carefully mixed with the flux with the same toothpick. The crucible 
was then placed in a preheated Thermolyne 1500 muffle furnace at 1050 °C for 12 minutes. 
No more than four crucibles were put in the furnace at the same time to maintain consistent 
melting time, and to minimize the temperature decrease when opening the furnace door. 
During heating, a fusion melt bead formed at the bottom of the crucible. Using manual 
tongs, this bead was carefully swirled around the crucible bowl to collect any stray melt 
droplets, and poured directly into a 60 mL HDPE bottle containing 50 g of 5% HNO3. To 
ensure full dissolution of the fusion melt bead, the bottle was then manually shaken (not 
stirred) vigorously for 2-3 minutes, followed by sonication for at least 15 minutes. This 
initial dilution step results in a sample dilution factor of ~ 500. A second dilution step was 
employed in order to obtain the proper range of concentrations for analysis. Approximately 
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5 g of the first fusion solution was extracted by syringe and passed through a 0.45 m 
PVDF filter to remove any residual graphite and LiBO2 flux compound. This exact amount 
of diluted solution at this point was weighed, and the appropriate amount of 5% HNO3 
(~35 g) was then added to reach a final dilution factor of 4000 in the analyte. This analyte 
solution was also weighed, so the exact dilution factor of each item could be calculated if 
different from exactly being 4000. The amount of TDS represents about 0.2% of the final 
solution. 
2.4 Acid Digestion (for trace and rare earth elements determined by ICP-ES) 
Acid digestion methods provide an exceptionally clean digestion with very low 
analytical blanks. While acid digestion is much cleaner than flux fusion, it does require the 
use of HF for many geological samples. Working with this acid has the potential to be quite 
dangerous (e.g., Potts, 1995), but it is necessary to breakdown silicate rock matrices. The 
reaction of HF with silicate material also results in the volatile loss of Si (and Ge) from the 
digestion; thus, acid digestion cannot readily give data for the complete suite of major 
elements. In the laboratory at BU, acid digestion is most often used to determine the 
concentration of a wide range of trace and rare earth elements (Table 2). 
For acid digestions, 20 ± 0.02 mg of powder were weighed into 15 mL acid-cleaned 
Teflon beakers. Three mL of concentrated HNO3, 1 mL of concentrated HCl, and 1 mL of 
concentrated HF were then added to the samples, the beakers were sealed, and placed on 
hot plate at a sub-boiling temperature for at least 24 hours. Upon cooling, the samples were 
sonicated for about 30 minutes and 1 mL of concentrated H2O2 was added to oxidize any 
organic (or other) material that may be present. Through many years of preparation and 
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when working with many different lithologies (e.g., dating from Murray and Leinen, 1993, 
to currently), it has been found that the addition of H2O2 in at least one step of the protocol 
has been found to be extremely effective. The vessels were left loosely capped until the 
reaction with H2O2 stopped, and then were re-sealed and placed on a hot plate for an 
addition 12-24 hours. The samples were gently evaporated until dryness and re-dissolved 
in 1 mL of concentrated HNO3. A small amount of H2O2 (0.5 to 2 mL) was added to each 
sample to ensure complete digestion when necessary. Samples were finally diluted to a 
total weight of 60 g using 18.2 Mcmmilli-Q water, to arrive at a final dilution factor of 
3000. Masses of samples and bottles were tracked at each step throughout the procedure to 
ensure a precise quantification of each sample’s exact final dilution factor.   
2.5 Instrumentation 
2.5.1Analysis of flux fusion digestions by ICP-ES 
All flux fusion digestions were analyzed on a Jobin-Yvon Ultima-C ICP-ES at BU. The 
list of elements that were analyzed, and their respective wavelengths, is presented in Table 
2. The ICP-ES is equipped with both a polychromator, which is capable of measuring up 
to 25 pre-defined elements simultaneously, and a monochromator that sequentially 
progresses through the wavelengths of interest by varying the angle of a diffraction grating. 
Both spectrometers can operate during a single introduction of the sample into the 
instrument. In several instances, the same element was measured on both detectors at either 
the same or different wavelengths (Table 2) to ensure that there was good agreement 
between the two detectors. Following data reduction, data from the two detectors typically 
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agreed within 2% of the measured value. Samples were introduced to the instrument in 5% 
HNO3 via a Meinhard-C nebulizer with a flow rate of ~ 1 mL/min, using a concentric spray 
chamber, with humidified Ar as the carrier gas. 
Instrumental drift was monitored and corrected by analyzing a matrix matched in-house 
drift solution several times (typically every 3-5 items) during an analytical session. Drift 
was assumed to be linear between analyses of this in-house solution. The Ultima-C 
routinely achieves better than 3 to 4 % drift (total) over a period of 10 to 12 hours, which 
is the length of a typical analytical session. A blank solution, which was prepared in an 
identical manner to the samples and standards except with no sample or standard powder 
digested, was also measured at the beginning and end of each run, and all data is blank 
corrected.  
The non-BHVO-2 SRMs, prepared along with the unknown samples in each batch, 
used to generate the calibration were interspersed throughout an analytical run, in no set 
order from run to run, and a calibration line was generated by comparing the signal intensity 
(drift- and blank corrected, etc.) to that of the established concentrations of 7 or 8 other 
standard reference materials, which included AGV-2, BCR-2, BIR-1, DNC-1, MAG-1, 
PACS-2, and W-2 (Table 1). No internal standards were used. One (or occasionally more) 
samples of BHVO-2 were prepared identically to the unknown items and the calibrating 
SRMs and was prepared within each batch. That is, a “stock solution” of digested BHVO-
2 was not prepared and used repeatedly, as we instead wanted to ensure that each batch of 
samples and standards was well constrained internally. 
  
188 
2.5.2 Analysis of acid digestions samples by ICP-MS 
All acid digestions were analyzed on a quadrupole VG PlasmaQuad ExCell at BU. The 
list of elements that were analyzed, and the respective isotope measured, are presented in 
Table 2. The instrument works by sequentially progressing through the elements of interest 
in multiple passes, from low mass to high mass, and integrating the results together. The 
PlasmaQuad ExCell is equipped with a detector that allows the measurement of elemental 
concentrations over a large dynamic range by utilizing both a pulse counting and analogue 
mode. Therefore, items with significantly different elemental concentrations can be 
analyzed in a single analytical session. Samples were introduced to the instrument in ~2% 
HNO3 via a Meinhard-C nebulizer with a flow rate of approximately 1 mL/min, and using 
an impact-bead, Peltier-cooled spray chamber. The instrument was optimized by obtaining 
the maximum signal intensity on a 1 ng/g solution of In, while concurrently minimizing 
oxide production. Oxide levels were monitored by observing the CeO+/Ce+ ratio, with that 
ratio typically being ~ 1%. 
Instrumental drift was monitored and corrected by analyzing a matrix matched in-house 
drift solution several times (typically every 3-5 items) during an analytical session. The 
PlasmaQuad Excell routinely achieves better than 5 to 6 % drift over a period of 10 to 12 
hours, the length of a typical analytical session. A blank solution, which was prepared in 
an identical manner to our samples except with no sample or standard powder digested, 
was also measured at the beginning and end of each run, and all data presented here is 
blank corrected. Several SRMs (between 5 and 7; from Table 1) were interspersed 
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throughout an analytical run, and a calibration line was generated by comparing the signal 
intensity (drift- and blank corrected, etc.) to that of the established concentrations. 
 
3. Determination and Selection of Values 
This paper compares three sets of data (USGS certificate, GeoReM, and the BU-
analyzed results) and then proposes a set of preferred reference and uncertainty values for 
BHVO-2. We describe here the procedures we followed to determine the first three sets 
of data. In Section 4 we present the outcome of the combined assessment of these three 
sets of data, and present proposed new reference and uncertainty values for BHVO-2. 
3.1 Certified Values from USGS 
A Certificate of Analysis accompanies all SRMs produced by the USGS and contains 
details about how the original material was collected and subsequently processed. The 
certified values of BHVO-2 presented in Table 2 are taken from the exact original 
certificate provided by the USGS (e.g., Wilson, 1997; Plumlee, 1998), as found freely 
available online. Additional “Informational values” (as defined by the USGS, processed 
by three or fewer laboratories) are denoted in Table 2 in italics. These informational 





3.2 Reference Values Derived from GeoReM 
The GeoReM values reported in Table 3 are the published concentrations from Jochum 
et al. (2015, their Tables 3 and 4) and are listed as the “preferred values” for BHVO-2 
within the database from 2014, prior to publication in 2015. Jochum et al. (2015) refer to 
these values as “reference” values, but they are the same as the “preferred” values listed in 
the GeoReM database. These values are averaged compilations of a variety of analytical 
techniques (ID-ICP-MS, ID-TIMS, ICP-MS, ICP-ES, XRF, LA-ICP-MS, and others), 
grouped into primary, standard-solution based, reference material, and microanalytical 
methodologies. The determination of analytical category and data selection are discussed 
in detail within Jochum et al. (2015). 
3.3 New Analytical values from BU (this study) 
The data resulting from the new analyses at BU are presented in two large data files in 
the Supplemental Information (one each for ICP-ES and ICP-MS generated data). Because 
the BU generated data was tabulated for as many as 130+ ICP-ES and -MS analytical runs 
over 8 years, and from 12 individuals, there is intrinsic variability in the BHVO-2 data that 
was generated over that time frame. Elemental concentration data for BHVO-2 from this 
large dataset was examined using a window of two standard deviations from the population 
mean. Each elemental concentration measurement outside of this window were tested using 
Chauvenet’s Criterion to assess the probability that a given data point was significantly 
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deviant from the mean, following the approach described by Taylor (1997, his Section 6.2 





where xsus is the suspected deviant measurement,  ?̅?  is the mean of all measurements 
(including xsus),  𝜎𝑥  is the standard deviation of that mean, and tsus is the number of 
standard deviations the suspect measurement is from that mean. Given our relatively large 
datasets (ranging from n=18 for Tm to n=133 for Ni), it is necessary to assess that a given 
measurement is a true outlier, and would not be probable due to normal distribution. Under 
the assumption of a normal distribution, and given the sample size for most elements, we 
generally only reject measurements with tsus values greater than 4σ according to the 
Chauvenet Criterion. Based on these assumptions, we removed at most two outliers for a 
given element, which are marked in the Supplemental Information. A new mean was 
calculated with the outliers removed. The result that so few data are outliers speaks to the 
overall consistency and quality of the dataset. Following Taylor (1997), for each element 
uncertainty in our measurements is represented as the standard deviation of the population 
mean (σx/(n1/2) and additionally as Relative Standard Deviation, expressed as percent of 
the standard deviation divided by the mean (RSD %). 
 
4. Results and Discussion: New Reference Values for BHVO-2 
The presence of the three, wholly independent data sets presented in Section 3 above 
provides a unique opportunity to robustly determine the composition of BHVO-2. Each 
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independent data set has its own, and different, strengths and weaknesses compared to the 
other two approaches. For example, the originally certified values are determined on blind 
analyses from 20 international laboratories. The GeoReM compilation presents data paying 
careful attention to analytical technique, but did not perform new analyses themselves. The 
BU data is a very large new data set resulting from consistent procedures commonly used 
by the community, and intrinsically includes the strength and weakness of involving 
multiple analysts over many years. As will be apparent from the below, we have tried to 
be as objective as possible in the selection of the proposed new pooled reference and 
uncertainty values, with no pre-determined sense of priority for any of the data sets. 
 Newly refined reference and uncertainty values and additional information are 
provided on an element by element basis (Table 3). The data presented in Table 3, and 
representatively shown in Figure 1, could be argued to present two options for determining 
the optimal outcome for quantifying the composition of BHVO-2. The first option would 
be to simply pick whichever data (that is, either USGS, GeoReM, or BU) has the smallest 
uncertainty, as long as that value was consistent with the other two. This is defensible 
statistically as well as practically. The other option would be to develop an approach by 
which the data from ideally all three sources could be incorporated, or at least two of them 
(e.g., if the USGS value is “informational only”), based on the argument that accuracy is 
different from precision, and there is no a priori reason why one source’s methodological 
approach should be higher valued than another’s. Because each of these options has merit, 
we are taking a third path of presenting all three results, along with a fourth “Pooled 
Reference Value and Uncertainty” that draws upon the USGS, GeoReM, and BU values 
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and their respective uncertainties. While we propose that this pooled value represents the 
best and most realistic assessment, users of BHVO-2 can select whichever of these four 
values and uncertainties they feel best fits their analytical and scientific needs. 
For the calculation of the pooled values, several criteria were used. For example, 
USGS certified values were only included if the reported value was a recommended value, 
and not an information value. For the major elements, all three data sets were averaged, 
with the most common outcome being an improvement (narrowing) of uncertainty. For the 
trace elements, the most common outcome was based on an average of the values from 
GeoReM and BU, due to the lower precision and/or lack of recommended data from the 
USGS. Where possible and appropriate, the USGS value was also included. Following the 
logic presented by Kane et al. (2003) and Jochum et al. (2015), averages were calculated 
as unweighted means, as the internal uncertainties in other’s individual laboratory 
measurements or previous compilations, and their effect on overall uncertainty, are not 
known.  
Working with these three data sets (USGS, GeoReM and BU), it is important to 
estimate the uncertainty of the pooled measurements. Due to the limited reporting of the 
number of measurements (that is, two or three average values from USGS, GeoReM, and 
BU), we have taken an approach to estimate the uncertainty between these averages for 
each newly refined concentration value. The relative uncertainty for each new pooled value 
is represented as uncertainty in the average, as the data used in the calculation of new values 
are often very similar, following the procedure described in Taylor (1997, his p. 147-148). 
For this calculation, for each element the largest difference between the reported values 
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was determined and divided by two, to capture the spread between the maximum and 
minimum estimates. Using the difference between the maximum and minimum reported 
averages, we capture the degree of agreement between each data source, and the 
appropriateness of the new recommended values (Figure 1), especially in the cases where 
we are combining only two means and a standard deviation is not statistically possible.  
For comparison purposes, and to facilitate transparency and potential use by the 
community, we also provide in Table 3 the complete data and information available from 
the USGS and GeoReM. The uncertainties in the new pooled values are typically 3% or 
better, aside from some low concentration elements (Cd, Cs, Sb, U). Even in these 
relatively less precise averages, the number of samples incorporated were nearly doubled 
in this calculation compared to previous compilations (Jochum et al., 2016), which 
increases the confidence in the overall accuracy.  
 
5. Summary  
We present up to ~130 new measurements by ICP-ES and ICP-MS of major, trace, 
and rare earth elements of the widely used Hawaiian Basalt SRM, BHVO-2. We consider 
these results along with previously available data on the original Certified Values from 
the USGS (Wilson, 1997; Plumlee, 1998) and GeoReM reference values (Jochum et al., 
2015), and propose new pooled reference and uncertainty values (Table 3) that in general 
results in improved estimates of uncertainty, corroboration of past values, and increases 
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Figure 4.1.  Graphs showing those elements for which there is the Most Agreement (left 
column), the Median Agreement (center column), and Least Agreement (right column) 
between the respective average concentration values for USGS, GeoReM, BU, and the 
pooled value for the major elements (top row), trace elements (center row), and REEs 
(bottom row). All data derived from Table 3. Where only “informational” values were 
provided by USGS, such informational values are plotted for visual comparison, but were 
not included in calculations (see text). Such “informational” values have no uncertainty 
reported for them by the USGS. Value for “Median Agreement” for trace elements was 
determined excluding Cd and Sb since these elements are relatively unconstrained by one 
or more sources and their low concentrations yield deceptively high relative percentages 










Table 4.1 Standard Reference Materials (SRMs) used in calibrations. References from 




















































Table S4.1: ICP-ES measurements of BHVO-2 conducted at Boston University from 

























Table 4S.2: ICP-MS measurements of BHVO-2 conducted at Boston University from 























Supporting Information for “Refined values of element concentrations and 
uncertainty for standard reference material BHVO-2” 
 
Representative Calculations of “Average” and “Uncertainty in the Average” 
for the “Final Recommended Pooled Values” in Table 3 
 
In order to maximize transparency and aid users of BHVO-2 concentrations and 
uncertainties, we here provide two examples of the calculations that yield the “Final 
Recommended Pooled Values” outcomes in Table 3. To facilitate visual understanding, we 
have chosen both examples to be elements that are featured in Figure 1, one each from the 
“Most Agreement” category and the “Least Agreement” category, namely, TiO2 and Nd. 
All data used in the calculations are found in Table 3, and in the below all TiO2 values are 
in units of weight % and in ppm for Nd. 
 
Calculation of the “Average” for the Final Recommended Pooled Values: 
This is straightforward, and is the unweighted average of the reported values from USGS, 
GeoReM, and BU. Thus, for TiO2, the resulting value of 2.73 is the average of 2.73, 2.731, 
and 2.73 (USGS, GeoReM, BU, respectively). Similarly, for Nd, the resulting value of 
24.57 is the average of 25.00, 24.27, and 24.45 (again, USGS, GeoReM, BU, respectively). 
 
Calculation of the “Uncertainty in the Average” for the Final Recommended Pooled 
Values: 
As described in the main text, there are several different potential strategies that could be 
used to assess uncertainty in the final pooled values, and it is difficult to arrive at a 
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statistically unequivocal outcome given that each of the “average” values reported by the 
USGS, GeoReM, and BU is generated differently. Our approach here is to focus on the 
average values themselves, rather than the uncertainties associated with each of those 
average values. Furthermore, because in many cases there are only two values (GeoReM, 
BU) since the USGS has many “informational” values, it is invalid to quantify a standard 
deviation of just those two values. Following the logic of Taylor (1997), therefore, we 
approximate the uncertainty of the two (or three) average values by establishing the 
maximum range between the two or three values, and then dividing by ‘n’, which is 
therefore two.  
 Thus, for TiO2, the “uncertainty in the average” is calculated by the difference 
between the maximum value (2.731, the GeoReM value) and the minimum value (2.73, 
which is either the USGS or BU value), and dividing by two, resulting in the 0.0005 value. 
For Nd, the “uncertainty in the average” is calculated by the difference between the 
maximum value (25.00, USGS) and the minimum value (24.27, GeoReM), and dividing 
by two, resulting in the 0.365 value. 
 Our focus on the average values leads to an unusual outcome for those elements for 
which the values reported by USGS, GeoReM, and BU agree closely, even if those 
averages have relatively high uncertainties of their own. Thus, for example, the visual 
representations of the “Most Agreement” elements in Figure 1 express the strong 
agreement between the average values by displaying very small “uncertainty in the average 
values” that are smaller than any one of the uncertainties in the USGS, GeoReM, or BU 
values. For those elements that have more typical disagreements between the average 
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values (e.g., those in the “Median Uncertainty” and “Maximum Uncertainty” categories in 
Figure 3, and similar elements in Table 3), the uncertainty for the final pooled values are 
more as anticipated.  
 For the “Most Agreement” and similar elements, however, this outcome is neither 
intuitive nor counter-intuitive, as it is exactly representing what we intend, namely, that the 
average values are in close agreement with each other. We have taken this approach 
because (a) we wish to determine the pooled values for all elements identically, regardless 
of whether the average values from USGS, GeoReM, and BU agree closely or not, (b) for 
calibration purposes the analyst most commonly uses a single value for an element’s 
concentration (rather than a single value with an associated uncertainty), and (c) we have 
chosen to focus here on accuracy rather than precision. We hasten to add, as we have in 
the main text, that we further provide all values and all uncertainties in Table 3 so the 
interested analyst can determine which approach and which values are most appropriate 
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